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Abstract 
Filling and Chemical Modification of Carbon Nanotubes 
Yury Gogotsi, Supervisor, Ph.D. 
 
In order to utilize carbon nanotubes in nanofluidic device applications as 
 as nanocomposite reinforcement, more research on filling, surface chemistry 
a
tration of fluids into nanochannels is important for the efficient storage of 
ds as well as composite manufacturing. Transmission electron microscopy, 
Infrared spectroscopy, mass spectroscopy have been used in this research as the 
 investigation tools. 
In this research, an autoclave high temperature-high pressure system was 
. Carbon nanotubes were shown to be successfully filled by using this 
autoclave treatment.  The conditions have been determined for the filling of 
rent types of carbon nanotubes and carbon nanofibers of different diameters 
with water and ethylene glycol.  
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ops on the surface during heat treatment, while pyrolytically stripped carbon 
fibers are partially hydrophilic because of the presence of dangling bonds 
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1. INTRODUCTION 
 
 The prefix “nano” means one billionth. One nanometer (abbreviated as 1 
nm) is 1/1,000,000,000 of a meter. The smallest things visible to the unaided 
human eye are ~10,000 nanometers in size. To get a sense of the nano scale, a 
human hair is ~50,000 nanometers in size, a bacterial cell measures a few hundred 
nanometers across and ten hydrogen atoms in a line make up one nanometer. 
Nanoscience is the study of the fundamental principles of molecules and 
structures with at least one dimension roughly between 1 and 100 nanometers. 
These structures are known as nanostructures. Nanotechnology is the application 
of these nanostructures into useful nanoscale devices. At the nanoscale, the 
familiar properties of materials, for example, conductivity, hardness, melting and 
boiling points reach the theoretically expected values. Thus, at the nanoscale, 
almost all properties are expected to be superiorly enhanced. One of the most 
researched and studied nanostructured material is the carbon nanotube. 
 Since their discovery in 1991 by Sumio Iijima [2], carbon nanotubes have 
been a major interest of study all over the world. A variety of properties and 
phenomena associated with carbon nanotubes have been investigated in the last 
10 years. What makes nanotubes so special is their combination of dimension, 
structure and topology that translates into a whole range of superior properties [3]. 
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Scientists estimate CNT’s mechanical properties to be about 100 times stronger 
than steel at one-sixth the weight [4]. Their electronic properties have been 
studied, where CNT have the ability of tuning in the metal-semiconductor range 
[5] and can act as quantum and superconducting wires [6]. Their magnetic and 
optical properties, as well as their thermal conductivities have been also 
investigated and shown to be excellent [7-9]. With all these remarkable 
properties, various technological applications are likely to arise using nanotubes 
including, for example, fabrication of flat panel displays, gas storage devices, 
Lithium ion batteries, mechanical memory devices, functional nanomachines, 
sensors, robust lightweight composites, drug delivery, nanofluidic devices and 
many others [7].  
 Nanofluidics is a science of building microminiaturized devices with nano 
chambers and tunnels for the containment and flow of fluids. Nanofluidics is also 
defined as the science, where controlling nanoscale amounts of fluids takes place 
[10]. Nanofluidic devices include but not limited to nano pumps, biochips, nano 
needles, lab on a chip and etc. However, there are still more questions than 
answers in the nanofluidic field. For example, what is the impact of nanoscale 
confinement on matter transport? How will nanoscale confinement impact 
chemistry of the channels? What are the properties of the confined fluids in 
nanochannels? How do solid/fluid interfaces look like in nanoscale confinement? 
Can we characterize and predict the nanoscale structures that define the properties 
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of complex fluids? Can studies of nanofluidics help us understand biological 
processes?  
 Therefore, in order to utilize carbon nanotubes, specifically, in 
nanofluidics devices, composites and in drug delivery applications, a careful and 
systematic investigation of their surface chemistry and their chemical and 
physical interaction with fluids is required.  
The present research is aimed to examine the wetting behavior of carbon 
nanotubes with various types of fluids and aqueous solutions. Fluids filling the 
inside and surrounding the outside of the nanotubes were carefully examined. In 
this study, different types of carbon nanotube structures were also being 
investigated for their potential ability to be filled. Surface modification and 
tailoring of CNT surface chemistry are very much needed to make the most of 
their properties and to explore their possible use as nano-test tubes filled with 
different fluids and to be used for fluid transport applications. 
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2. LITERATURE REVIEW 
 
2.1 History of Carbon Nanotubes 
 In 1985, while Kroto and Smalley from Rice University were studying the 
nature of interstellar matter to determine the forms of carbon-containing materials 
found between the stars, they detected, for the first time (by mass spectroscopy) a 
closed cluster containing precisely 60 carbon atoms. This cluster, which is called 
C60 or fullerene, exhibits a very unique structure and stability [8]. The discovery 
of fullerenes [11] and their production in bulk in 1990 [12] were the first steps 
towards the era of carbon nanotubes.  
 In 1991, a Japanese electron microscopist Sumio Iijima, who was studying 
material deposited on cathodes during the arc-evaporation synthesis of fullerenes, 
found that the central core of the cathodic deposit contained a variety of closed, 
long, hollow fiber, graphitic structures. Iijima’s discovery is considered to be the 
first citation of carbon nanotubes (CNT). His work was published in Nature 
magazine [2] and it is by far the most ever cited paper in the nanotube 
community. Since then, a variety of techniques have been developed to synthesize 
CNT and study their structure and properties [7, 8, 13-15]. 
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2.2 Carbon Nanotubes Structure 
 Carbon nanotube (CNT) is a relatively new form of carbon. It is 
configurationally built up from graphite, which is considered to be the most 
stable form of crystalline carbon. The structure of graphite is shown in Figure 2.1.  
 
 
 
 
 
 
 
 
0.34 nm 
 
 
Figure 2.1 Graphite structure showing the layers of graphene sheets, which are 
made of carbon hexagons. The spacing between each graphene layer is 0.34 nm. 
Weak van der Waals bonds exist between the graphene layers [16]. 
 
 
 
 
 
 6 
 Graphite consists of layers of carbon atoms. Within these layers, the atoms 
are arranged at the corners of hexagons which fill the whole plane (in the 
idealized case without defects). The carbon atoms are covalently bonded to each 
other (carbon-carbon distance ~ 0.14 nm), leading to a very large in-plane 
Young's modulus value of 1.060 TPa [14]. The layers themselves are rather 
weakly bonded to each other (weak van der Waals interaction, interlayer distance 
of ~0.34 nm) as shown in Figure 2.1. The weak interlayer coupling gives graphite 
the property of a seemingly very soft material. Graphite exhibits sp2 hybridization 
[16]. 
 To build a single wall carbon nanotube, one single layer of graphite is 
stacked and wrapped in a cylindrical shape as shown in Figure 2.2, which is a 
HyperChem simulation image of SWNT. The ends of the SWNT are capped with 
half of a fullerene structure. Starting with only one layer of 2-dimensional 
graphite, a cylinder with only one wall is called a single wall carbon nanotube 
(SWNT). A typical TEM image of a SWNT is shown in Figure 2.3. The diameter 
of SWNT is in the range of 0.4-2nm and its length is usually few micrometers 
[14]. 
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Figure 2.2 A HyperChem simulation of SWNT showing a graphene sheet 
wrapped in a cylinder 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 A TEM image of a typical single wall carbon nanotube (SWNT), 
showing the nanotube’s wall, which is made of only one graphene layer (courtesy 
of Dr. Haihui Ye). 
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 If more graphite layers are wrapped, a cylinder with multiple walls may 
result. This cylinder is called a multi-walled carbon nanotube (MWNT) [8], as 
shown in Figure 2.4. MWNT with coaxial cylinders are described as a Russian 
doll MWNT, while MWNT made of graphite scrolls are described as scroll like or 
Swiss roll MWNT [17]. The diameters MWNT are usually larger than 2nm, and 
their lengths are greater than 10µm.  
 
 
  2 nm 
 
 
 
 
 
 
 
 
Figure 2.4 A TEM image of a typical multi-walled carbon nanotube (MWNT), 
showing seven layers of graphene in the nanotube’s wall [18]. 
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 In order to understand the structure of nanotubes, a vector v joining two 
equivalent points on the graphene lattice are utilized. Since the tubes are 
constructed by rolling graphene layers, the two end-points of vector v are 
superimposed. The chiral vector v then forms the circumference of the nanotube’s 
circular cross-section. Vector v is an integer multiple of the two graphite basis 
vectors with integers n and m. The nanotube with this structure is called (n,m) 
nanotube, where (n,m) are its Hamada indices. The first digit, n, indicates how 
many carbon atoms around the tube exist. The second digit, m, determines the 
offset to which the nanotubes wrap around. If n equal to m, the tubes are 
described as armchair CNT. Zigzag tubes are the ones where m is equal to zero. 
For any other values of n and m, the tubes are called chiral tubes, since in those 
cases the chains of atoms spiral around the tube axis instead of closing around the 
circumference. Figure 2.5 is an indexing scheme to illustrate how CNT are 
formed from folding of planar graphite. Folding directions of armchair, zigzag 
and chiral nanotubes are shown by red lines [8, 14, 19, 20]. All types of nanotubes 
are capped with half of a fullerene structure as shown in Figure 2.6. 
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Figure 2.5 A schematic showing the position and the length of the vector v, which 
connects the origin to the lattice point. This vector v defines the nanotube index 
(n,m), where n and m can be any integer. The folding (rolling) directions are 
shown in red lines. All (n,n) type are armchair, (n,0) type are zigzag and (n,m) are 
chiral CNT.  
 
 (a)  
 
 
 
(b) 
(c) 
 
 
 
 
 
 
 
 
 
Figure 2.6 A schematic showing the different structures of carbon nanotubes: (a) 
armchair carbon nanotube, while (b) zigzag carbon nanotube and (c) chiral carbon 
nanotube [14]. 
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 The diameter of nanotubes, as well as their chiral angles, can be also 
determined by knowing the values of n and m. Furthermore, some properties of 
nanotubes can be detected by their structure. For example, armchair tubes are 
metallic, while one third of zigzag and chiral tubes are metallic and the rest are 
semiconductors [21]. 
 The bonding structures and unusual symmetries of CNT provide them 
with a unique strength. From the structure of carbon nanotubes explained above, 
nanotubes are clearly seen to be composed of sp² bonds, similar to graphite but 
stronger than the sp3 bonds found in diamond. However, in very small diameter 
CNT, sp2 bonds are deformed (four carbon atoms are not in the same plane), 
which makes properties of CNT differ from that of graphite. Additionally, 
nanotubes naturally align themselves into "ropes" held together by van der Waals 
force [22]. Under high pressure, nanotubes can merge together, trading some sp2 
bonds for sp3 bonds, creating the possibility for producing strong, unlimited-
length wires [23] through high-pressure nanotube linking. The properties of CNT 
depend mainly on their structures and their synthesis techniques.  
2.3 Carbon Nanotubes Synthesis 
 Synthesis of CNT has been addressed in many review articles, journals 
and books [2, 3, 7-9, 13, 14, 24-29]. There are three most commonly used 
techniques to produce CNT; arc discharge [30, 31], laser vaporization [32] and 
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chemical vapor deposition (CVD) [33-37]. There are also many other techniques, 
such as high pressure catalytic decomposition of carbon monoxide (HiPCO) [38], 
carbon monoxide (CO) disproportionation [39, 40], pyrolysis [41], electrolysis 
[42], production using solar energy [43, 44] and hydrothermal synthesis [45]. 
Different kinds of nanotubes can be synthesized by similar techniques. For 
example, both MWNT and SWNT can be produced by arc discharge, laser 
vaporization, CO disproportionation and CVD methods. However, HiPCO 
produces only SWNT and hydrothermal synthesis produces only MWNT. Arc 
discharge and laser vaporization were the first techniques that were used to 
synthesize CNT. They are both based on the condensation of carbon atoms 
produced from evaporation of solid carbon sources. Both laser ablation and arc 
evaporation consume large amounts of energy and thus, not appropriate for 
commercialization [29]. Techniques to selectively produce double-wall carbon 
nanotubes (DWNT) have been also recently developed [46]. 
 Ebbesen and Ajayan [30] describe how CNT are produced by the arc 
evaporation, where helium (He) plasma, generated by high current between an 
anode and a cathode, is used to evaporate carbon atoms. The evaporation 
temperature involved is close to the melting temperature range of graphite (3000-
4000°C). Depending on whether a catalyst is used in the arc evaporation process 
or not, SWNT or MWNT can be synthesized. Even though the arc evaporation 
technique is the most studied technique and produces good quality samples, yields 
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are still low [8]. MWNT walls produced by arc discharge appear like concentric 
cylinders [2]. Lieber et al. reported how the laser vaporization method, which was 
used initially to produce fullerenes (C60) [47], is used to synthesize CNT. This 
method involves high power laser, with Argon (Ar) or Helium (He) as the carrier 
gas. High yields of individual SWNT, which are almost uniform in diameter and 
self assembled into ropes, are produced [32]. Therefore, the structure and type of 
nanotubes produced depend mainly on the synthesis technique used. Here, we 
primarily concentrate on two main distinct techniques used to synthesize CNT; 
CVD and hydrothermal synthesis, since CNT produced by these two methods 
were used in our study. 
2.3.1 Chemical Vapor Deposition Synthesis 
 The most important commercial technique to produce carbon nanotubes at 
a large scale is the chemical vapor deposition (CVD) process. CVD involves 
heterogeneous reactions in which both solid and volatile products are formed 
from a volatile precursor. The product is then deposited on the substrate. The 
CVD CNT growth mechanism has been described [29, 33, 35, 48] as first the 
dissociation of hydrocarbon (or CO) molecules catalyzed by transition metals. 
The dissolution and saturation of carbon atoms take place in the metal 
nanoparticles. The precipitation of carbon from the saturated metal nanoparticles 
results in the formation of tubular sp2 carbon. The formation of tubular sp2 form is 
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more favored than that of graphitic sheets due to the elimination of dangling 
bonds and the decrease in surface energy when tubes are formed. CVD methods 
allow control over the morphology and the structure of CNT; SWNT, MWNT as 
well as DWNT can be produced by CVD [29, 49].  With the CVD process, well 
separated, aligned CNT produced on a substrate can be compared to CNT 
powders produced by other techniques. Ren et al. [50, 51] showed how a plasma 
enhanced CVD process on nickel-coated glass with a mixture of acetylene and 
ammonia is used to obtain control over the diameter of nanotubes, as well as their 
alignment. Figure 2.7 shows the ability to grow straight CNT over a large area 
with uniformity in diameter, length, straightness, and site density. Variation of the 
catalyst particle size controls the diameter of the tubes [50, 52]. In general, CNT 
produced by the CVD technique are expected to have a disordered wall structure, 
with the walls as concentric cylinders [17, 53]. However, so far, the surface 
structure or modification of CNT produced by CVD has not been thoroughly 
examined.  
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Figure 2.7 TEM images showing aligned carbon nanotubes produced by the 
plasma-enhanced CVD process. By changing the catalyst layer, different 
diameters can be also achieved as in (a) 40–50 nm and (b) 200–300 nm [50]. 
 
 
2.3.2 Hydrothermal Synthesis 
 Hydrothermal techniques have been used for synthesis and crystallization 
of different materials such as quartz, zeolites, ultrafine ferrites, hydroxyapatite 
and diamond [54]. The term “hydrothermal” refers to any heterogeneous reaction, 
which occurs in the presence of aqueous solvents, under high pressure and 
temperature conditions to dissolve and recrystallize (recover) materials that are 
relatively insoluble under ordinary conditions [54]. Recently, there have been 
some developments in the area of hydrothermal treatment of carbon materials, 
specifically carbon nanostructures. A direct conversion of CNT to diamond at 4.5 
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GPa and 1300°C in the presence of a Ni–Mn–Co catalyst was shown by Cao et al. 
[55]. Suchanek et al. [56] reported the behavior of fullerenes under hydrothermal 
conditions. It was shown that at higher temperatures (above 400°C) and under a 
long time (48 hours), fullerenes were transformed to amorphous carbon. 
Moreover, at 700°C, under hydrothermal conditions, high-quality open-ended 
MWNT were formed in the vicinity of nickel particles from fullerenes. These 
nanotubes typically had an outer diameter of 30-40 nm and a wall thickness of 5 
nm.  
  Evolution of SWNT during hydrothermal treatment was reported [57]. 
SWNT were hydrothermally treated at temperatures between 200 and 800°C and 
pressure of 100 MPa. After treatment, SWNT transformed completely to shorter 
MWNT and graphitic particles. Calderon-Moreno et al. [58] also showed the 
formation of carbon nanocells, where carbon atoms were rearranged to form 
curved graphitic layers during hydrothermal treatment. 
 Gogotsi et al. [59, 60] showed, for the first time, hydrothermal synthesis 
of MWNT by treating precursors in the C-H-O system at high temperatures (up to 
800 °C) and high pressures (up to 100 MPa) in the presence of a catalyst. 
Hydrothermal MWNT typically have large diameters (50-200 nm) [61]. For this 
reason, these materials are referred to as “nanofibers” or “nanopipes” [62] instead 
of “nanotubes”, which are usually considered to have smaller diameters. Gogotsi 
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et al. had also shown that hydrothermal MWNT could be produced in different 
diameters, i.e., from 10 nm to ~1 µm, and be built of coaxial cylinders [63]. Most 
of the tubes are hollow from tip to tail and they show a few internal closures. 
They are mostly closed by a nickel (Ni) catalyst at the tip, however, some tubes 
are opened after the loss of the catalyst tip. During growth of a tube, the synthesis 
fluid, which is a supercritical mixture of carbon monoxide (CO), carbon dioxide 
(CO2), water (H2O), hydrogen (H2), and methane (CH4), enters the tube [64]. 
After the tube closes and the temperature decreases, aqueous liquid and gases are 
trapped inside. Therefore, closed hydrothermal nanotubes, unlike any 
conventional nanotubes produced in vacuum or at ambient pressure, contain water 
and gases encapsulated under pressure. The typical liquid volume was calculated 
to be 10-18 (attoliter) [62]. The exact composition of that liquid mixture has yet to 
be determined. Upon heating under TEM, the structural changes in the tube, 
which take place due to the presence of the liquid entrapped, are not yet clear. 
Heating, as well as cooling, by using TEM are needed to examine the liquid 
behavior inside the hydrothermal tubes.  
 Since hydrothermal CNT growth from supercritical water is supposed to 
occur under equilibrium conditions where surface transport rates are much higher 
than in CVD synthesis at similar temperatures, well-ordered graphite walls can be 
produced [60, 62]. However, so far, no study has focused on structural evolution 
and surface structural modification of CNT in hydrothermal conditions. Some 
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studies have been done on structural changes of carbonized wood materials under 
hydrothermal treatment [65], but none has been observed for CNT. Therefore, the 
exact surface structure and surface modification of these filled nanopipes has yet 
to be examined. Figure 2.8 shows a typical MWNT produced by hydrothermal 
synthesis [60, 66]. Figure 2.8(a) shows a Ni catalyst particle entrapped at the end 
of CNT, where a liquid-gas interface is clearly shown. Figure 2.8(b) shows the 
fluid entrapped forming a meniscus inside the CNT. 
 
Figure 2.8 TEM images of hydrothermal nanopipes containing an aqueous fluid 
entrapped with segregated liquid and gas interfaces (a) nanopipe capped with Ni 
catalyst, (b) an elbow portion of a nanopipe showing liquid menisci separating the 
aqueous fluid from the gas. The environment outside of the nanopipe is the high 
vacuum of the TEM column. Liquid volume entrapped is 10-18 liters (courtesy of 
Dr. Almila Yazicioglu) [60, 66]. 
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 In general, the structure of MWNT is still under investigation. Although 
evidence favors the Russian doll structure for MWNT, there are still some 
arguments about the possibility of the existence of a scroll-like structure [8] or 
even a mixture between scroll-like and concentric walls [67]. Blank et al. [68] had 
also reported conical structures, where the graphite layers lie at a certain angle 
with respect to the tube axis and terminate at both inner and outer surfaces of the 
tubes. This type of structure is called “herringbone” structure. Therefore, careful 
examination of MWNT wall structures is very much needed in order for CNT to 
be efficiently used in potential applications. Nevertheless, with the variety of 
different properties and structures that CNT can acquire, numerous potential 
applications are envisioned.  
2.4 Potential Applications of Carbon Nanotubes 
 Many potential applications have been proposed for carbon nanotubes, 
including electronic devices [5, 69], field emission displays [70], transistors [71], 
electromechanical devices such as actuators [72], sensors [73, 74], hydrogen 
storage [75], nanometer-sized semiconductor devices [76], supercapcitors or 
charge storage [77], conductive and high-strength composites [78], one-
dimensional cellular probes [79-82], nanofluidic devices [83, 84] and 
interconnects [76, 85]. Nanocomposites as well as nanofluidic device 
applications, including drug delivery and interconnects, are discussed in further 
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details in the next two sections. Some of these carbon nanotubes’ applications are 
already recognized as products, others are still in early research states, and some, 
such as hydrogen storage, are still under controversy. Factors like cost, 
morphology, surface chemistry, polydispersion, limitations in processing, 
assembly methods and producing nanotubes with desired controlled dimensions 
and properties [69] are all important barriers for carbon nanotube applications [7, 
27, 86-88]. 
2.4.1 Carbon Nanotubes Composite Applications  
 One of the most intriguing applications of carbon nanotubes is in 
composites. The combination of high aspect ratio, small size, high strength and 
stiffness, low density and high conductivity makes carbon nanotubes perfect 
candidates for the production of nanocomposite materials [7, 24, 88, 89]. 
Mechanical, thermal, and electrical conductivity are expected to improve with the 
introduction of nanotubes to composite matrices. Nanocomposite materials 
include polymer composites where epoxy, thermoplastics, gels, poly (methyl 
methacrylate) (PMMA), poly acrylonitrile  (PAN) and many other polymers have 
been used as the matrices [90]. Nanocomposite materials could also include 
ceramic matrices such as alumina (Al2O3), silica (SiOx) and silicon carbide (SiC) 
or metal matrices such as nickel (Ni), titanium (Ti) and aluminum (Al) [91]. To 
make a composite, Chawla [91] discussed the usual method of incorporating 
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small, discontinuous fibers into a matrix. The first step in this process is to shape 
the fibers into a “preform” and then add the liquid matrix material under pressure 
[8, 91]. Because of the fibers’ surface tension, the pressure, which is needed to 
produce infiltration into the fiber array, increases as the distance between the 
fibers decreases. Thus, in case of incorporating CNT in the matrices, extra 
pressure will be required for infiltration, since CNT are very small and they are 
always grouped in bundles, i.e., close to each other for a given volume fraction 
[8]. This dispersion problem is considered as one of several difficulties that arise 
when nanotubes are embedded in composite matrices. Several research groups 
have been working on successfully dispersing CNT [92-94]. However, successful 
dispersion will not be achieved unless a clear understanding of CNT behavior in 
solution is achieved. 
 CNT alignment in the matrices is another major difficulty that arises when 
they are incorporated into composite matrices. Since CNT are anisotropic, they 
have to be aligned in the composite matrix to achieve the optimal mechanical 
properties. Several research groups have been working on successfully aligning 
CNT in the composite matrix. CVD is by far the most common technique to 
produce aligned carbon nanotubes [95] shown in Fig. 2.9. For example, Che et al. 
[33] reported aligned carbon nanotube bundles produced by CVD process and 
embedded in pores of silica and membranes of alumina.  
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Figure 2.9 (a) SEM image of MWNT (arc-produced) deposited on a quartz plate 
and rubbed with another quartz plate. As a result, the nanotubes align along the 
rubbing direction; (b) TEM image of a nanotube-polymer slice (80 nm thick) 
exhibiting alignment of parallel MWNT (courtesy of P.M. Ajayan). 
 
  
 There are also techniques, other than CVD, that are used to produce 
aligned CNT. For example, aligned MWNT film grown on a quartz substrate, 
may be produced by catalytic pyrolysis as shown by Feng et al. [96]. Thotenson et 
al. used a micro-scale twin-screw extruder to achieve dispersion of MWNT in a 
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polystyrene matrix [97]. In this work, highly aligned nanocomposite films were 
produced by extruding the polymer melt through a rectangular die and drawing 
the film prior to cooling [52, 97]. When CNT–metal-oxide nanocomposites are 
also extruded at high temperatures, alignment can be achieved as shown by 
Peigney et.al. [98]. Magnetically aligned nanotubes and fibers, by using an 
electrophoretic method, were also reported [99]. Recently, a group led by Siochi 
et al. [100] reported melt processing for fibers containing up to 1 wt% SWNT, 
where SWNT alignment in the fiber direction was obtained. In this work, a higher 
tensile modulus and yield stress were achieved, and compared favorably to those 
of the unoriented nanocomposite films having the same SWNT concentration 
[100]. Ko et al. [90, 101] proved that the formation of aligned HiPCO SWNT in a 
polyacrylonitrile (PAN) matrix by the electrospinning process is also possible. 
The composite polymer and carbon nanofibrils containing aligned SWNT in a 
PAN matrix is shown in Figure 2.10 (a), where a uniform distribution of aligned 
SWNT are shown by white arrows. Figure 2.10 (b) shows a TEM image of clearly 
aligned SWNT sticking out of the fiber. The white arrows indicate the SWNT 
alignment direction. 
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igu
y the electrospinning process. Aligned SWNT bundles are uniformly distributed 
ithin PAN fibril as shown by the white arrows. (b) After heat treatment, aligned 
WNT survived as they tend to stick out of the fiber. Alignment direction is 
 
(b) 
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re 2.10 TEM images showing (a) embedded SWNT in PAN fibers produced 
w
S
shown by white arrows [101].
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 Even though successful alignment of nanotubes in the composite matrices 
ave been studied by many groups as mentioned above, there is still a need for a 
niform CNT distribution in nanocomposites during large scale manufacturing. 
uccessful alignment is not the only major difficulty that hinders a wide use of 
anocomposite applications. Another serious problem that arises, when nanotubes 
re to be used in nanocomposites application, is the surface structure of carbon 
anotubes. Because carbon nanotubes have inert graphite surfaces [16], bonding 
 the matrices can be difficult. In case of MWNT nanocomposites, intertube 
ipping of the outer shell can occur during tension [8]. Therefore, strong 
on are critical. Defects on the surface of MWNT 
ight help in forming stronger bonds within the matrix, but the introduction of 
ese defects might change their properties [9]. So far, no successful technique 
All three major problems in nanocomposite applications; dispersion, 
lignm
h
u
S
n
a
n
to
sl
interfacial bonding and adhesi
m
th
has been developed to improve bonding of nanotubes in composites, without 
changing the nanotubes’ properties, 
 
a ent and bonding of carbon nanotubes in composite matrix are still under 
investigation.  Careful examination of wetting behavior of nanotubes surfaces, as 
well as, the effect of chemical treatments and understanding of nanotube behavior 
in solutions, are imperative in order to overcome these critical issues in 
nanocomposite processing. 
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2.4.2 Nanofluidic Applications 
 Nanofluidic applications emphasize development of assays and processes 
in chemistry, biology and medicine. Nanofluidics deals with solid-liquid 
interfaces as well as fluids in confined geometries. A good example of a typical 
nanofluidic system is the hydrated vermiculite clay as shown in Figure 2.11. The 
clay layer spacing is 4nm. There is a clear solid-liquid interface as well as two 
layers of highly structured water molecules at each clay surface [102, 103].  
 
 
 
 
 
 
 
 
 
Figure 2.11  A computer modeling schematic of hydrated vermiculite clay 
showing the distribution of water molecules on clay surface. The clay layer 
spacing is 4nm. The color coding is: blue-oxygen, white-hydrogen, black-
silicon/magnesium, green-nitrogen and red-carbon [102, 103]. 
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 So far, most microfluidic and nanofluidic devices have been fabricated in 
silicon or glass systems [104-107]. In microscale fluidic devices, colloidal devices 
ave been investigated by Terry et al. [108], and Schasfoort et al. have showed 
the effect of electric field on flow control for microfabricated fluidic networks  
[109]. There have been some investigations done by Heuschkel, et al. on using 
inated photopolymers to make microchannels and using them for stimulation 
nd recording of neural cell arrays [110]. On the other hand, nanofluidic devices 
ch as nano-pumps, chemical factories on a chip, biochips, and nano-analytical 
 of <100 nm in diameter are still rare. Nanofluidic 
applications have been
principles as shown by Jennissen and Zu oka and Craighead 
vestigated the production of a nanofabricated refractive index sensor based on 
hoton tunneling in nanofluidic channels [112]. Kuo et al. used molecular gates as 
]. Recently, Karlsson et al. [114] d 
vice that is characterized by an extreme
ane. The device is capable of handli
 femtoliter volumes of fluids into selected reaction containers, and the 
ping a
h
lam
a
su
devices that utilize channels
 limited to the investigation of nanolayer biosensor 
mbrink [111]. Kame
in
p
nanofluidic devices [113 showe a novel 
nanofluidic switching de ly small size of a 
single lipid bilayer membr ng and injecting 
atto- to
“pum ction” is controlled by manipulation of the energy state of the device 
material itself. 
 Since nano-size chambers and channels cannot be made by 
photolithography, which is limited to about 1-µm features, some researchers have 
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investigated other techniques. Optical lithography has been used to fabricate 
continuous spatial gradient structures, which smoothly narrow the cross-section of 
a volume from the micron to the nanometer length scale, thus reducing the local 
entropic barrier to nanochannel entry [115]. However, so far, no efficient design 
for a nanofluidic device has been found. 
 CNT have shown excellent potential for their use in micro- and/or 
nanofluidics devices, since they resemble cylindrical channels used in the 
macroscopic world. Speculations about use of CNT as tiny straws to supply drugs 
to single cells started shortly after discovery of nanotubes [116]. They provide a 
test platform that is orders of magnitude smaller than capillaries used in fluid 
experiments. They can also act as interconnects between microfluidic chips or 
between a chip (e.g., drug delivery system) and a subject (e.g., a cell) as shown in 
schematic Figure 2.12. The usage of CNT will allow more precision and accuracy 
for delivering to the target. 
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Figure 2.12 Two schematic figures showing how carbon nanotubes can be used in 
nanofluidics devices such as connections between two chips or to allow precise 
delivery to a certain target or a cell.   
 
 
 
Availability of CNT could result in the development of completely new 
hemical and biological technologies. There have been very limited investigations 
f nanofluidic applications using CNT. For example, recently Sood had shown 
how SWNT can be used in flow-induced voltage generation [117]. CNT bundles 
induce a voltage/current along the direction of the flow was shown by Ghosh et 
. [73].  Nevertheless, in order to make use of CNT in nanofluidic applications, a 
areful examination of how confined fluid will behave in CNT channels and how 
e inner CNT walls will affect the flow of the fluid needed to be delivered to a 
certain target is necessary. 
 
c
o
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c
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 In conclusion, to utilize carbon nanotubes in applications such as 
structure, wall interaction with fluids
nanocomposites and nanofluidics, further examination of CNT surface structure 
and chemistry, as well as, wetting properties is required. In the case of 
nanocomposites, understanding of the external surface structure of CNT as well as 
wetting and surface interactions must be explored. In nanofluidic applications, on 
the other hand, investigation of the inside of the CNT, including inner surface 
, wetting of the CNT internal surface and 
lling the tube spontaneously or under pressure  are needed. Additionally, CNT 
ay have electronic, mechanical and magnetic 
s electronic, magnetic and mechanical properties [9, 
fi
filled with solids or liquids m
properties different from that of empty tubes. Thus, filling with various materials 
may expand the range of applications of CNT and must be further studied. 
2.5 Carbon Nanotube Chemistry 
 Carbon nanotubes chemistry is a general term that deals with chemical 
modification of CNT, which includes filling the inner cavity with different 
reactants, attachment of functional groups to the CNT’s surfaces and replacement 
of some of the carbon atoms on the CNT side walls by atoms of other elements. 
CNT chemistry also deals with the effect of chemical modification on different 
properties of CNT such a
118]. In this study, filling and interaction of CNT with fluids will be discussed 
mainly as the CNT chemistry. 
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2.5.1 Filling 
 Because of the wide inner diameter range that CNT can have (from <1 nm 
to hundreds of nanometers), different materials can be used to fill their inner 
cavities. MWNT were originally studied for their ability to be filled with various 
foreign elements or compounds, mainly metals in an attempt to produce 
nanowires [119-121]. Figure 2.13 shows Cr-based nanowire (filled MWNT), 
which is a single crystal made of chromium and sulfur (Cr5S6 or Cr2S3) [122]. 
 MWNT were first filled during their synthesis process by arc evaporation 
techniques in 1993 [123]. This was done by premixing the carbon electrodes with 
 arc reactor, thus yielding carbon nanothreads 
 mic
trong oxidizing agents [126], which affected the 
nanotubes by introducing some surface defects. 
different metal oxides in the carbon
of rometric length [22]. Seraphin [124] reported the ability of some metals 
such as B, Mg, Mn, Fe, Co, Ni, Cu, Y, Nb, Mo, and Ta to be encapsulated in CNT 
using the arc synthesis technique, while Liu and Cowley reported that some 
carbides, such as lanthanum carbide, can be encapsulated by using the same 
technique [125].  
 In general, before filling takes place, opening of CNT is necessary. Tsang, 
et al. showed that before arc vaporization filling experiments, MWNT were 
selectively opened by using s
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Figure 2.13 TEM image of a nanowire made of a single Cr-S crystal having a 
<100> direction is along the tube axis [122]. 
 
 
 5 nm 
trigonal structure. It is epitaxed on the graphitic layers in such a way that the 
eir experimental conditions, no 
damage to the MWNT occurred [127]. The authors did not test any of the treated 
 These surface defects could lead to reduction of the CNT’s expected 
properties. The success rates for these oxidation experiments were low. Kyotani et 
al. showed selective oxidation treatment of the inner walls of MWNT by using 
nitric acid. The authors claimed that during th
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CNT to examine the presence of defects. Thus, opening of CNT is still a subject 
 
 in 
M
 
filled tube that winds its way through dense solid material. The CNT is hollow 
emission map show successful filling of the CNT with Ar. Ar is shown in red in 
of exploration.  
Not only metals, but also gases can be encapsulated inside CNT.  In 1997, 
Gadd et al. [128] discovered “the world’s smallest gas cylinder”, where Ar gas 
was trapped at high pressure within hollow CNT. These CNT were 20-150 nm
diameter and grown in vapor as shown in Figure 2.14. Figure 2.14 shows a TEM 
image and its corresponding energy dispersive x-ray spectrometer (EDS) map for 
WNT containing Ar. Gadd et al. used a hot isostatic pressing (HIPing) process 
for 48 hours at 650°C under an Ar pressure of 170 megapascals (MPa).  
Figure 2.14 TEM image (a) and a corresponding x-ray map (b) of a typical Ar-
and has an outer diameter of 140 nm and an inner diameter of 60 nm. The x-ray 
(b) [128]. 
 
100 nm
(a) (b) 
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HIPing was the first technique (other than arc evaporation) used to fill nanotubes. 
In 1999, Che et al. explored, for the first time, a highly aligned CNT filled with 
bismuth 
anoparticles with SWNT, one-dimensional nanowires with a high aspect ratio 
urposes. According to Mittal et al., the oxidation treatment was gentle, since 
Pt, Ru, Pt/Ru nanoparticles using the CVD process [129].  
 Because of SWNT stability and their expected exceptional properties due 
to their unique structure, there has been much more effort to fill SWNT. The so- 
called hybrid SWNT-based nano objects were discovered in 1998, when SWNT 
were successfully filled with fullerenes (C60),  i.e. peapods [130-132]. Peapods are 
expected to be used in the electronic industry as well as biochemistry and 
medicine. Kiang [133] showed that by electron irradiation of 
n
can be produced. Filled SWNT obtained by TEM irradiation were highly 
damaged and had low filling yield. Since then, in general, a lot of materials, 
specifically halides (NaCl, KCl, CdCl2, CdI2, RuCl3, etc.) have been introduced 
into SWNT [134]. In most cases, as with MWNT, filling of SWNT with halides 
and oxides involves purification as well as annealing before filling, which again 
will result in damaging the nanotubes and introducing some defects [8]. Mittal et 
al. [135] filled SWNT at room temperature in open air by soaking them in a 
mixture of chromium oxide and hydrogen chloride. The filling efficiency 
increased as soaking time increased, but it is still not high enough for commercial 
p
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SWNT were still intact after the treatment. However, no CNT’s properties were 
tested after their treatment to verify if the tubes were damaged or not.  
 Not only carbon nanotubes have been attempted to be filled, magnesium 
oxide (MgO) nanotubes have been filled with gallium, making them “the smallest 
nanothermometers” [136]. Ma et al. [137] reported filling of thin boron nitride 
(BN) nanotubes, with 4 layers in thickness and an inner diameter of about 10 nm. 
However, the potential applications of filled MgO and BN nanotubes are limited 
compared to those of CNT. In this work, we will limit the analysis of literature to 
carbon nanotubes. 
 Therefore, despite of the crowdedness of this research area, there is still a 
need to efficiently fill CNT without using harsh chemicals or changing their 
properties. There is also a need to produce a high yield of filled nanotubes that 
will be suitable for commercial applications. Until recently, almost all of work on 
filling CNT has been surprisingly dealing only with metals, metal carbides, 
halides and oxides [138] and the filler’s detailed crystal growth and structure 
analysis [139, 140]. Very few research studies have been done on aqueous fluids 
or fluid behavior in CNT cavities, which is of a major importance for biomedical 
applications of nanotubes.  
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2.5.2 Fluids Behavior at the Nanoscale 
 Understanding fluid behavior at the nanoscale is a necessity in order to 
nature behaved on the surface of diamond films [143]. 
facilitate the effective design and operation of future nanofluidic devices such as 
drug delivery systems, biosensors and nano heat-pipes. Fluid behavior in CNT 
may be significantly different from that in conventional pipes. Very few 
experimental studies have been reported on the dynamic behavior of fluids in 
CNT [141, 142]. Fluids in different confined systems have been studied 
thoroughly, for example, Ostrovskaya et al. showed how liquids with a different 
physico-chemical 
However, the behavior of the most abundant fluid, such as water, confined in 
nanotubes channels has never been reported. 
2.5.2.1 Water Confinement in Nanometer Channels 
 Water is the most abundant liquid on earth. Its physical properties are 
quite different from that of many other liquids. First, a water molecule can 
participate in four hydrogen bonds as shown in Figure 2.15 [144].  
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Figure 2.15 Hydrogen-bonding networks in water molecules are shown as dotted 
water molecules, and shares further hydrogen atoms with two more water 
molecules. Oxygen atoms are shown in big blue balls, while hydrogen atom
in smaller blue balls [144]. 
lines. The water molecule shares its two hydrogen atoms with two neighboring 
s are 
  
  
ughly studied 
theoretically [146-148], as well as by using indirect observations such as neutron 
scattering techniques [149], Nuclear magnetic resonance (NMR) [150] and X-ray 
diffraction [151]. The behavior of water in nanopores also has been predicted 
theoretically [152] and its fluidity in confined systems has been studied [153-
156]. One of the few experimental cases was done when Gogotsi et al., observed 
 Water behavior in confined systems [145], specifically carbon nanotubes, 
is currently the subject of intense scrutiny. This has been thoro
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aqueous fluids using TEM in 50-100nm nanotubes produced by hydrotherm
synthesis [45]. In general, however, no direct observations of water, especially in
an extremely confined space of very small channels, have been reported yet.   
As mentioned earlier, most of the research studies that have been done on 
water in confined systems are modeling and simulations. It has been shown by 
molecular dynamics simulations that in confined systems, such as nanotubes, 
when a fluid is entrapped its phase behavior is altered, and excluded volum
al 
 
 
e 
ffects become apparent [157]. A debate in the molecular modeling community, 
surfaces and form distinct layers separating the bulk from the 
he study of water at hydrophobic surfaces suggested the presence 
e
on how water will flow in nanochannels still continues [158-160]. Granick el al. 
argued that drying transitions may occur in the nanoscale as a result of strong 
hydrogen bonding between water molecules, which can cause the liquid to recede 
from nonpolar 
surface [161]. T
of weak hydrogen bonding [162], or even hydrogen bonding destruction in very 
narrow tubes [163], while Hummer et al. suggested that significant water 
occupancy will exist inside the tubes despite of a reduction in the number of 
hydrogen bonds compared to bulk fluid [146]. Koga et al. predicted new phases 
of ice inside carbon nanotubes [164], but not all scientists believe that these ice 
phases can exist [165, 166]. Hummer et al. and Noon et al. showed, by molecular 
dynamics, that OH bonds involved in hydrogen bonds were almost aligned along 
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the carbon nanotube axis and the water molecules may rotate freely around their 
aligned hydrogen bonds [146, 167].  
 Simulation of water in nanotubes predicts nonwetting behavior at room 
mperte ature [150, 168] which is in agreement with the hydrophobic behavior of 
graphite surfaces [16]. Ebbesen [169] investigated the nano-capillary effect of 
CNT. In his experiments, a water droplet (surface tension ~73 mN/m) was readily 
sucked up by capillary forces when it came in contact with the CNT surface. This 
work is in agreement with the strong capillary effects discussed by Perdeson and 
Broughton [170]. On the contrary, Ajayan and Iijima [83] showed that mercury 
and lead, which have a higher surface tension than water (> 400 mN/m), were not 
imbibed when they came in contact with a CNT. This was explained by 
emphasizing that the capillary effect was not the only factor to be considered 
when CNT were filled, surface wetting and surface tension had to be examined 
carefully as well. Similarly, no further experimental data were shown to prove or 
disprove the wetting behavior of water confined in CNT. The behavior of CNT 
being hydrophilic or hydrophobic in the presence of liquids is still not clear yet. 
 Fluidity of water has been also discussed either by stating that the water 
viscosity remains close to bulk [171] or that the flow appears frictionless and is 
limited only to the barriers of entry [172]. Leo et al. showed that the number of 
hydrogen bonds decreases at the interfacial regions [158]. Marti et al. stated that a 
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water molecule would spend more time in its neighborhood in smaller tubes in 
comparison to larger tubes and, as expected, to bulk water. Marti et al. also 
e 
showed, by molecular modeling, that at ambient conditions, water diffusion 
coefficient seemed to be steady in smaller nanotubes (2.272 X10-9 m2/sec) [173, 
174]. The research in this area is still ongoing. For example, an ab initio 
molecular dynamics study of the aqueous liquid-vapor interface has just been 
reported recently by Kuo et al. [175].  
 Most of the previous experimental work on the interactions between solids 
and water in thin films was done on clays (as shown in Figure 2.9) and zeolites 
[103, 176]. Since these materials lose water easily in a vacuum, no in-situ TEM 
observations could be made. Lattice resolution studies of confined systems within 
CNT in TEM have been limited to a few systems such as metals, as shown in 
Figure 2.13, or inert gases, as shown in Figure 2.14. No high-resolution studies of 
carbon-water interface have ever been reported. Therefore, despite the 
tremendous amount of modeling work that has been done to examine water 
behavior in confined channels, the amount of experimental data is scarce and th
theoretical studies did not receive sufficient experimental verification to confirm 
or dispute the proposed models. Even less work has been reported on organic 
liquids or polymers inside carbon nanotubes. 
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2.5.3 Carbon Nanotube Surface Structure 
 For nanofluidic applications, especially in biomedical fields such as drug 
delivery, controlled surface structure of CNT is required. CNT may seem 
chemically inert because the only exposed surface is the non-reactive basal 
graphite plane [3]. Difficulty in rendering CNT soluble in aqueous solutions leads 
to poor adhesion of biomolecules. Therefore, functionlization or modification of 
the surfaces is required. Ajayan et al. and Tsang et al. showed that by oxidation 
eatme
two properties responsible for the 
adsorptive behavior. First, the pore size distribution and the surface area of the 
material, and the second is the chemical reactivity of the surface. The latter is very 
tr nts, the end of the nanotubes were shown to be more reactive than their 
cylindrical parts [123, 126]. They argued that reactivity of CNT surfaces 
increased as the number of defects present increased. The defects were introduced 
by oxidation or mixing the CNT with strong acids. Thus, the surface of CNT 
could be inherently more reactive compared to their graphite counterparts [3]. 
Unfortunately, the use of strong acids is not practical in bio-medical fields 
because of their toxicity and their possible undesirable effect on antibodies and 
proteins. More attempts were done to functionalize CNT surfaces, by treating 
them chemically in order to be used in bio applications [7, 9, 177]. CNT can be 
considered to have activated carbon surfaces. Activated carbon is a carbon that is 
capable of adsorbing certain species from a dilute solution, either from a gas or a 
liquid phase. The active carbon possesses 
 
 42 
important since CNT have inert surfaces. Surface oxygen functional groups are 
 Physical attachment of antibodies and proteins to CNT is important for 
biocompatibility studies and for understanding the response of the immune 
system. In general, the organization of an adsorbed protein layer on a material 
determines the cellular response to the adsorbed surface [184], which in turn 
determines its biocompatibility. Thus, proteins and DNA on the surface of CNT 
may alter or even define the biological response to nanotubes [183]. Guo et al. 
discussed briefly DNA adsorption on CNT surfaces [185]. Harsh techniques such 
considered the main groups to be adsorbed on the surface of activated carbon 
[178]. 
2.5.3.1 Carbon Nanotube Interaction with Biofluids 
 CNT are being studied in many biomedical applications. For example, 
Umemura et al. and Yang et al. showed that CNT could be used as AFM tips to 
measure DNA molecules at liquid/solid interfaces [179, 180]. CNT could be also 
used as an electrode material to study interaction of 6-mercaptopurine with 
protein by microdialysis [181], or as nanoneedles for microinjections into 
biological cells [182]. By using surface enhanced infrared absorption 
spectroscopy (SEIRA) techniques, Dovbeshko et al. investigated the numerous 
structural changes in DNA that had occurred when it came in contact with 
nanotubes [183].   
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as selective chemical ligation [186, 187] or fragment condensation of peptides 
[188] have been used to bond these to SWNT surfaces. Seeger et al. showed that 
the coating of carbon nanotubes with SiOx produced by a sol-gel technique, for 
iomolecules [189]. Non-
covalent functionlization also has been considered, such as wrapping of soluble 
polymers [190], or starch [191] or bifunctional molecules [192] around nanotubes. 
All these techniques have been shown to help the binding of biomolecules to CNT 
surfaces. However, no detailed study on how the structure of CNT surfaces will 
affect biomolecular binding has been published.  
 the . 
- To study the effect of tube diameter on filling and behavior of fluids inside 
nanotubes. 
aqueous solutions on the inside and the outside. 
example, could be used as a first step for attaching b
2.6 Objectives 
Based on the analysis of literature, the following objectives are being proposed: 
- To investigate the surface chemistry and structure of carbon nanotubes and 
methods to control m
- To develop an effective filling approach to produce high yields, fill CNT with 
aqueous liquids and polymers as well as find the optimum conditions of filling 
CNT. 
- To determine the effect of nanotube structure on its wetting and interaction with 
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- To conduct in-situ TEM observation of fluids confined in CNT to better 
understand chemical interactions between the tube walls and the fluids.  
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3. MATERIALS AND METHODS 
 
3.1 Materials 
.1.1 Carbon Nanotubes Used 
Different types of carbon nanotubes have been used in this study. The 
CNT used have different diameters and different surface structures, depending on 
the treatment or synthesis techniques used. Thus, each type of CNT exhibits 
ifferent hydrophilicity and other properties. 
.1.1.1 Large Internal Diameter Carbon Nanotubes (50-250 nm) 
.1.1.1.1 Hydrothermal Multiwall Carbon Nanotubes (Nanopipes) 
Hydrothermal CNT, also known as nanopipes because of their wide 
ternal diameters, were synthesized by using an ethylene glycol 
OCH2CH2OH) solution in the presence of a Ni catalyst at 730-800ºC under 60-
100 MPa pressure [45]. The system was kept at an elevated temperature and 
pressure for more than 20 hours, which was deemed to be enough time in order to 
reach equilibrium. During synthesis, a supercritical fluid was trapped in the 
anotubes. This high-pressure encapsulated supercritical aqueous fluid was found 
 display clearly segregated liquid and gas phases by means of well-defined 
urved menisci as shown in Figure 3.1 (a). The entrapped liquid volume was 
calculated to be of the order of 10-18 lit (1 attoliter) [62]. Gogotsi et al. showed, by 
3
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TEM analysis (Figure 3.1 by having high 
erfection of graphene layers, with clear inter planner spacing of 0.334nm. 
othermal nanopipes have 20-70 fringes in the wall (wall thickness 
 50-150 nm. Hydrothermal nanotubes have also 
onstrated an unusual hydrophilic behavior
before this work started [59]. 
Figure 3.1 TEM images show a typical hydrothermal nanopipe (a) a clear liquid 
HRTEM image shows nanoscale graphitic walls of 10-30 nm with minimal 
(b)), that these CNT are characterized 
p
Typically, hydr
7-25 nm) and outer diameter of
dem  that had not been fully explained 
 
 
meniscus separating liquid from gas phase inside the nanopipe is observed (b) 
disorder and a high continuity of graphene planes [59].  
 
5 nm
60 nm
Liquid
Vacuum
Gas
50 nm
Liquid
(b)(a)
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3.1.1.1.2 Heat-treated Carbon Nanotubes (Nanofibers) 
 Heat-treated (HT) carbon nanotubes are also known as heat-treated carbon 
nanofibers (CNF) because of their large external diameter. They are much smaller 
in diameter than conventional continuous carbon fibers (5-10 µm) but are 
somewhat larger than carbon nanotubes (1-100 nm) [25], thus, they can be 
considered as large-diameter MWNT. HT CNF were purchased from Pyrograf 
Products, Inc. [193]. They were synthesized by a CVD hot filament process and 
roducts, Inc. [193] and produced by the hot filament CVD technique. Figure 3.3 
(a) shows a typical PS CNF with a 50nm internal diameter. After synthesis, PS 
CNF were oxidized to remove polyaromatic hydrocarbons from the surface. After 
ydrothermal CNT.  
heat treated at 3000°C after synthesis. HT CNF have an outer diameter of 50-200 
nm and wall thickness of about 20 nm, as shown in Figure 3.2 (a). After 
graphitization at 3000°C, the formation of loops and the disappearance of the 
dangling bonds are observed on the surface of the HT CNF (Figure 3.2 (b)).  
3.1.1.1.3 Pyrolytically Stripped Carbon Nanotubes (Nanofibers) 
 Pyrolytically-stripped (PS) CNT are also CNF because of their large 
internal diameters. Similar to HT CNF, they were purchased from Pyrograf 
P
oxidation, oxygen-terminated bonds remain on the surface, and the graphene 
layers are much less ordered (Figure 3.3 (b)) compared to HT CNF and 
h
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Tube Wall
Vacuum
200 nm
(b) 
 
Figure 3.2 (a) TEM image of heat-treated CNF with an internal diameter of 150 
nm and (b) HRTEM image showing the formation of loops on the surface of a 
CNF due to the heat treatment at 3000°C.  
(a) 
20 nm (a) 
(b) 
 
Figure 3.3 (a) TEM image of  pyrolytically-stripped CNF with an internal 
diameter of 50 nm and (b) HRTEM image showing the less ordered surface of the 
CNF after oxidation. Oxidation was perfor
the surface. 
med to remove amorphous carbon from 
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3.1
 
°C. 
evertheless, these MWNT tend to contain a high density of defects such as 
surface. The typical internal diameter 
.1.2 Small Internal Diameter Carbon Nanotubes (2-10 nm) 
3.1.1.2.1 Chemical Vapor Deposited Multi Wall Carbon Nanotubes 
CVD MWNT were obtained from Jie Liu and his colleagues (through Dr. 
F. Ko, NASA program)  from Duke University [48, 194]. The growth method of 
CVD MWNT involves using ethylene or acetylene as the carbon source, and a 
porous catalyst such as a transition metal, which tends to convert all the carbon in 
a feed gas to nanotubes. The growth temperature is typically 550-750
N
pentagons and heptagons on the sidewalls of the nanotubes. Figure 3.4 shows a 
CVD MWNT with defects present of the 
range of CVD MWNT is 2.5-5 nm. 
 
 50 
 
Figure 3.4 TEM image of CVD MWNT with internal diameter of 3 nm. CVD 
MWNT are riddled with defects on their surfaces.   
 
 
3.1.1.2.2 Double Wall Carbon Nanotubes 
 Double wall carbon nanotubes (DWNT) are at the frontier between SWNT 
and MWNT. They have attracted a lot of attention lately since they are stronger 
Defects 
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than SWNT, while not as thick and bulky as MWNT. Thus, they are expected to 
 
 
igure 3.5 A TEM image of DWNT produced by CVD. It has internal diameter of 
.5nm. DWNT are characterized by having straight walls [49].  
 
 
be used in many applications such as composites [195]. The DWNT used in this 
study (obtained from E. Flahaut, University of Paul Sabatier, Toulouse, France) 
were synthesized by a catalytic CVD process [46], where a Mg0.9Co0.1O solid 
solution was used as a starting material. Figure 3.5 shows a typical DWNT with 
straight walls and a 1.5 nm inner diameter.   
 
F
1
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3.1.1.2.3 Single Wall Carbon Nanotubes 
 SWNT were obtained from Rice University (or Carbon Nanotechnologies, 
Inc., through Dr. F. Ko) [196]. These SWNT were synthesized by the HiPCO 
technique. SWNT (Figure 3.6) were purified after synthesis by microfiltration 
[197]. As in the case of most SWNT, these tubes often form bundles and have 
diameters of 1.5-2 nm. 
 
ig
 
.1.2 Fillers 
Liquids with a relatively low surface tension (<100-200 mN/m) can be 
rawn inside CNT by capillary forces [169]. For this reason, in this study, several 
5 nm 
F ure 3.6 A TEM image of SWNT with 1.7 nm internal diameter. 
 
 
3
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liquids were chosen to be investigated as fillers, including, ethylene glycol (47.7 
N/m 
ower density than the liquid form of water at 273.15 K; 
most other materials become more dense upon solidification. Ice can be melted by 
ing and boiling point compared to other liquids. It has a high heat 
capacity (75.2  J(mol K)-1 (liquid), 37.6  J(mol K)-1 (solid)). Water’s dielectric 
constant is high (~80) and thus, it is a very good solvent for ions [198]. Protons 
diffuse very quickly through water due to the Grotthus mechanism of hydrogen 
bond flipping instead of physical diffusion of the proton itself. All these 
roperties can be related to the extensive capability of water to form strong 
Heavy water is chemically the same as regular water, but with the two 
ydrogen atoms (as in H2O) replaced with deuterium atoms (D2O). Deuterium is 
 hydrogen and it has one extra neutron. Thus, the deuterium atom 
m at 1atm and 20°C), isopropyl alcohol (23.0 mN/m at 1atm and 20°C), and 
water (72.8 mN/m at 1atm and 20°C) [198]. 
 Water (H2O) is the most abundant liquid on earth and its physical 
properties are quite different from many other liquids. For example, ice (the solid 
phase of water) has a l
applying pressure; ordinary liquids are solidified by pressure [199]. H2O has a 
higher melt
p
hydrogen bond networks [146, 167, 198-200]. 
 
h
an isotope of
consists of one proton and one neutron in the atomic nucleus and one orbiting 
electron. This extra neutron makes heavy water about 10% heavier than H2O. As 
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a result, D2O is expected to have slightly different properties from H2O (see 
Appendix Section A.2 for the differences in viscosity and diffusion properties 
between H2O and D2O) [198, 201]. 
In this study, different forms of water inside carbon nanotubes were examined, 
including pure liquid water, ice, water mixed with dissolved gases such as 
methane (CH4) and carbon dioxide (CO2), and finally heavy water (D2O).  
 
3.2 Autoclave Setup 
 In order to fill CNT, an autoclave system, which is a high pressure-high 
temperature (HPHT) system, was built as shown in schematic Figure 3.7. This 
system is based on a setup similar to that of the hydrothermal system that was 
used to synthesize hydrothermal CNT [60] and proven to produce filled CNT 
[59]. The autoclave system consists of three main parts: a gas booster, a furnace, 
and an autoclave head. All tubings connecting the three parts are high pressure-
high temperature tubings obtained from High Pressure, Inc. The gas booster was 
 
purchased from MaxPro Technologies, Inc. It can reach pressure up to 150 MPa. 
The furnace is a split hinge tube furnace 1200 purchased from Cole-Parmer 
Instruments Co. The furnace can reach 1200°C. The autoclave head is custom-
made by the materials research center in Kiev, Ukraine. 
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see Section 3.2.2). Once 
le was inspected to make sure it was completely sealed, it was placed 
Gas Booster
Furnace
High Temperature-
High Pressure 
Fittings
Autoclave Head
Figure 3.7 A schematic showing the autoclave setup, which consists of a gas 
booster (shown in red), an autoclave head and a furnace. The furnace is where the 
autoclave head is placed during treatment. The tubings connecting the three main 
parts are high pressure-high temperature tubings. 
 
 Pure 24K gold tubes, with diameters of 3 mm, were obtained from 
Engelhard-Clal LP [202]. The gold tubes were cut into approximately 30mm long 
pieces and were annealed at 800 °C for 30 minutes to remove any stresses related 
to the manufacturing process. The CNT and the desired fluid were sealed in the 
annealed gold capsule. The ends of the capsule were sealed by crimping them and 
then welding them closed using an arc welding set up (
the capsu
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tightly in the custom-made autoclave head shown in schematic Figure 3.8. The 
autoclave head is made of Rene 41 superalloy. Rene 41 superalloy is composed of 
Ni (47.40-50.00%), Cr (18.00-20.00%), Mo (9.00-10.50%), Co (10.00-12.00%), 
Al (1.40-1.80%), Ti (3.00-3.30%), Fe (5.00%) and some other minor impurities 
[203]. 
 
Figure 3.8 A schematic of an autoclave head 
 
  
 
 
 
 
 
 
 
Figure 3.9 A picture of the autoclave head inserted inside the furnace and 
connected to the gas booster. 
Furnace
Autoclave Head
Gas booster
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 The autoclave head along with the gold capsule were then put into the tube 
furnace, as shown in Figure 3.9. The furnace was then set at the desired 
temperature and pressurized with Ar using the gas booster. The pressure for the 
filling experiments was varied from 20 – 100 MPa, while the temperature varied 
from 300- 650°C depending on each sample.  
 
r 
stead of Ar. Detailed procedures of how to operate the autoclave system is 
3.2.1 Loading the Gold Capsule 
n.  
3) Crim
 
ped section with sharp pliers to create a better mechanical seal. 
eld the capsule and weigh. 
Similar autoclaves also were used in experiments conducted at the Tokyo 
Institute of Technology (TIT). The main difference between the two setups is the 
pressurizing element. At TIT, the experiments were pressurized with wate
in
discussed in the Appendix Section A.3. 
1) Cut the gold tube into 3 cm sections by scoring the tube with a sharp knife. 
2) Anneal the tubes by placing them into a furnace at 8000C for 30 mi
p one end of the capsule using the drill chuck.   
4) Before welding the end of the crimped capsule cut off the very top of the
crim
5) W
6) Add the carbon nanotubes to the capsule and weigh. 
7) Add the desired fluid and weigh. 
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8 p the other end of the capsule using the drill chuck. 
9) Place the capsule crimped end up in the holder of the arc welder in a ice water 
bath. 
) Crim
10) Make sure to fill the water bath so that the iced water covers the bottom 1/3 of 
the capsule. 
12) Weld the capsule closed so that a bead of gold can cover the entire surface. 
 oven set at 90-95 °C. 
red 
 capsule is completely 
sealed, is to drop the capsule in a beaker containing water. If bubbles start to 
form, then the capsule is not sealed. If there are no bubbles, then the capsule is 
hermetically sealed. 
3.2.2 Arc Welding Setup 
 There are three main parts for the welding set up, as shown in the Figure 
e electrode, and the ice-water bath. The 
11) Plug in the arc welder (see the Section 3.2.2 and Figure 3.10 for the arc 
welding set up). 
13) Weigh the capsule after welding. 
14) Put the gold capsule in a drying
15) Weigh it again to ensure that there is no weight change (water loss) occur
and that the capsule is completely sealed. 
16) An alternative to steps (14 and 15), to ensure that the
3.10, the transformer, the graphit
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transformer has two wires. One wire (grey wire) is connected to the graphite 
 the gold capsule is fixed to. The gold capsule is tightly held by the sample 
holder in such a way that half of its length is dipped in an ice-water bath right 
beneath the stand as shown in Figure 3.10. The ice-water bath is used to cool the 
sample, and prevent evaporation during welding. Once the transformer’s switch 
eld gold capsules from both ends. 
 
 
Dearnaley) 
electrode. The other wire (white wire) is connected to the sample holder (stand), 
where
turns on, a spark is produced between the graphite electrode and the tip of the 
gold capsule. This spark is used to w
 
 
 
 
 
Graphite 
Electrode
Gold Capsules
Transformer
Sample Holder
 
 
 
Figure 3.10 A picture of the actual arc welding set up (courtesy of Mr. John 
 
Ice Water Bath/ 
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3.2.3 List of Filling Experiments Performed 
 Tables 1, 2, 3 and 4 show the different types of nanotubes used in this 
study, the fillers and the conditions (temperature and pressure) for filling. Most of 
the runs were 20 hours unless otherwise indicated. To distinguish between the 
experiments that were done at TIT and the ones that were done at Drexel 
University, a location column has been added to each of the experiments. The 
number of runs for each experiment is also indicated in each table. The weight 
ratio of the initial loaded fluid to the CNT in the gold capsule before applying 
PHT treatment is always 9:1. 
Table 1 : C es and pressures 
Temperatu
(°C) 
Filler  
H
 
VD MWNT with various fillers at different temperatur
re Pressure 
(MPa) 
# of Runs Location 
300 100 2 Drexel +
TIT 
 Ethylene 
Glycol 
650 100 2 Drexel 
TIT 
+ H2O 
650 20 1 TIT H2O 
650 50 1 TIT H2O 
650 85 1 TIT H2O 
650 80 2 Drexel 
TIT 
+ D2O 
300 H2O  80 2 TIT 
500 H2O  80 2 TIT 
Room
Temperatur
H2O  
e 
100 1 Drexel 
Room 
Temperature 
N/A 1 Drexel D2O 
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Table 2 : Purified SWNT at Drexel University (2 runs) 
 
 
Temperature 
(°C) 
Pressure 
(MPa) 
# of Runs Location Filler 
 
Table 3 : DWNT at Drexel University (2 runs) 
 
Table 4 : Heat treated MWNT  
300 80 4 Drexel  Ethylene 
Glycol 
300 100 4 Drexel Ethylene 
Glycol 
300 100 2 Drexel Isopropyl 
Alcohol (70%)
650 100 2 Drexel Argon 
650 140 (4 s) 2 Drexel Argon 8 hour
650 1 D l Nitrogen 20 2 rexe
650 140(4 urs) 2 Drexel Nitrogen 8 ho
650 100 1 D l rexe H2O 
650 20 2 Drexel + TIT H2O 
650 50 2 Drexel + TIT H2O 
650 85 1 Drexel H2O 
650 80 1 Drexel D2O 
300 80 2 Drexel + TIT H2O 
500 80 2 Drexel + TIT H2O 
Room 
Temperature 
100 1 TIT H2O 
Room 
Temperature 
N/A 1 TIT D2O 
 
Temperature (°C) Pressure (MPa) Filler 
650 80 D2O 
 
Temperature (°C) Pressure (MPa) Filler 
650 80 D2O 
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3.3 Experimental Techniques 
3.3.1 Transmission Electron Microscopy 
diation used in other techniques such as optical microscopy. According to 
with a high velocity will become 
al to the 
electron beam velocity. Thus, a higher electron beam velocity will produce much 
orter wavelengths, which in turn result in higher magnifications and spatial 
 pared to op  0.1 µm and 
can reach maximum magnifications of up to 2000X, transmission electron 
microscopy (TEM) has a resolution of about 0.1 nm and a magnification range 
between 1,000-1,500,000X [205]. This makes TEM an excellent tool for 
charact tion of n
 conventional mission ele on microscope (TEM), as shown in 
Figure , a thin specim  is irradiated ith an  of a uniform 
current ity under vacu itted fro ectron gu ally 
located at the top of the TEM. Electrons then illum imen through a 
two or three stage condenser lens system. The objective lens causes the f
of e or a diffraction pattern of the specimen. The electron intensity 
 In electron microscopy, beams of electrons are used instead of the light 
ra
quantum mechanics [204], an electron beam 
wavelike. This wave will have wavelengths that are inversely proportion
sh
resolution. 
Com tical microscopy, which has a resolution of
eriza anostructures. 
In a  trans ctr
3.11 en  w  electron beam
 dens um. Electrons are em m an el n, usu
inate the spec
ormation 
 either an imag
 
 63 
distribution behind the specimen is magnified with a three or four-stage lens 
(also called the viewing screen). The 
image can be recorded either by direct exposure of a photographic emulsion, an 
image plate, or digitally by a charged-coupled device (CCD) camera [205].  
e only elastically scattered, i.e. diffracted. Electrons are accelerated as 
they travel through the specimen. The specimen must be very flat and thin 
(approx. 100 nm or less). Electrons pass through less dense regions better than 
more dense regions, thus, producing a contrast in the TEM image. If the specimen 
is not very thin, all electrons will be scattered away. 
system and viewed on a fluorescent screen 
 In general, electrons interact with the material in two ways: inelastic and 
elastic scattering. In TEM imaging, inelastic scattering (eventually leading to 
absorption) must be avoided during imaging since it contains no local information 
and it could lead to material damage. Therefore, during imaging, the electron 
beam will b
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Figure 3.11 A schematic diagram of a transmission electron microscope [206]. 
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 On the o  and 
e specimen atoms results in X-rays, which in turn could be used in energy 
dispersive x-ray spectroscopy (EDS) and electron energy loss spectroscopy 
(EELS) analysis. During inelastic scattering, the electron beam interacts strongly 
d imparts sufficient energy to remove it from the target 
tom. A characteristic X-ray is occasionally emitted when the ionized atom 
laxes to a lower energy state by the transition of an outer-shell electron to the 
acancy in the core shell. Because its energy equals the energy difference 
between the two levels involved in the transition, this difference is characteristic 
of a specific element.  
 Imaging in TEM is the result of a diffraction contrast. The sample is 
laced and oriented in a way that some of the beam hitting the sample is 
ansmitted and some is diffracted. Any structural variation in the sample will 
ause the incident beam intensity to be diffracted out, leading to a variation in the 
image darkness on the fluorescence screen at the base of the microscope. Thus, 
the contrast in the image produced is the variation of intensities of transmitted and 
diffracted beams. This variation of intensities is due to the differences in 
iffraction conditions, which results from microstructural features imposed on the 
lectron path [205]. 
ther hand, inelastic interactions between the electron beam
th
with a core electron an
a
re
v
p
tr
c
d
e
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 The energy of the monochromatic electron beam voltage used, in this 
study, was 100 to 200 kV. Medium-voltage instruments work at 200-500 kV to 
provide a better transmission and resolution. In high voltage electron microscopy 
(HVEM), the acceleration voltage is in the range 500 kV to 3 MV. The 
acceleration voltage determines the velocity, wavelength and hence the resolution 
(ability to distinguish the neighboring microstructural features) of the microscope. 
 Depending on the aim of the investigation, TEM can be categorized as 
conventional TEM or high resolution transmission electron microscopy 
(HRTEM). As a result, TEM microscopes can image individual atoms and their 
relative placement and can give compositional information over an area of interest 
07]. 
y was emitted. A spectrum of the energy versus the relative 
counts of the detected x-rays is obtained and evaluated for qualitative and 
[2 There are two important analytical techniques associated with TEM that 
have been utilized in this study; energy dispersive x-ray spectroscopy (EDS) and 
electron energy loss spectroscopy (EELS).  
 EDS is a chemical microanalysis technique performed in conjunction with 
electron microscopy, especially scanning electron microscopy (discussed in the 
next section). The technique utilizes x-rays that are emitted from the sample 
during bombardment by the electron beam to characterize the elemental 
composition of a sample. The energy of the x-ray is characteristic of the element 
from which the x-ra
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quantitative determinations of the elements present in the sample. Depending on 
the detector windows used, elements starting from boron can be studied [208]. 
 EELS provides a way to identify information about the elemental 
composition, chemical bonding, and electronic structure of a specimen. Since 
EELS can also detect low-atomic-number elements with high sensitivity, it can 
offer important advantages over EDS in some applications [208]. Thus, EELS is 
considered to be one of the most sensitive methods for determining the 
distribution of elements in a thin sample [209]. EELS can be applied with several 
techniques, but always involves the bombardment of a sample with a 
monoenergetic beam of electrons. The technique is frequently used in association 
with TEM or scanning TEM (STEM).  
 In TEM or STEM, when electrons impinge on the sample, low energy 
electron beam (2-50eV) scatters, causing the electrons to show characteristic 
energy losses by a variety of mechanisms. Plasmon losses are a frequent cause of 
energy loss. Plasmons are collective excitations of the electron gas in the material 
and are typically several electron volts in magnitude. Phonon losses can also 
occur, but they are much smaller. Thus, the energy spread of the monoenergetic 
beam must be particularly small to detect such losses. In summary, when the 
electron beam is reflected off the surface, it results in a sharp peak corresponding 
to elastically scattered electrons with a number of peaks at a lower energy which 
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correspond to plasmon or other excitations [210]. On the other hand, the high loss 
region (>50eV) is where the interactions with inner shell electron, causing 
posed. An energy window can then be 
excitation into an unoccupied shell above the Fermi level occurs. This results in 
characteristic elemental energy loss, and thus elemental characterization. 
 Figure 3.12 shows an EELS experimental set-up for a Gatan imaging filter 
(GIF) used in TEM [211]. After the inelastic interaction between the electrons and 
the specimen, electrons are collected and dispersed using a magnetic prism, where 
an EELS spectrum can be recorded. An EELS spectrum, which is a characteristic 
spectrum of energy losses of transmitted electrons, is a trace across the dispersion 
plane. An EELS spectrum consists of a monotonically-decreasing background, on 
which several broad peaks are superim
selected using a slit and the image is reformed by a combination of lenses (Figure 
3.12). The image is then recorded by a CCD camera and displayed as a TEM 
image. The spatial resolution of EELS is limited by the diameter of the incident 
illumination focused on the sample. 
 TEM was extensively used throughout this research, since it is the only 
method that is able to reveal, by in-situ observation, if individual carbon 
nanotubes are filled or not. HRTEM gives information about carbon nanotube 
diameters, liquid-solid interaction, wetting, stacking arrangements, lengths, 
defects and inner cavities of carbon nanotubes. EELS and EDS were also used 
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extensively to determine the elemental composition of materials entrapped inside 
CNT. 
 
 
 
Figure 3.12 A schematic of EELS experimental set-up for a Gatan imaging filter 
 
 
 
(GIF) [211]. 
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 The TEM investigation used in this work was carried out by using a field-
emission JOEL 2010F TEM/STEM. It operates with 100 and 200 kV with a point-
-point resolution of 0.23 and a lattice resolution of 0.10 nm. It has an attached 
PGT EDS system, with a 0.5- 2.4 nm EDS fine probe. A Gatan image filter is also 
ttached for EELS analysis. The energy selecting slit width is 2-50 eV. EELS 
lution in order to pull out CNT. Finally, the grid was left to dry in air before the 
EM experiments started. This procedure seems to be optimal for our purposes as 
to
a
mapping was done with 5-10 nm spot size. A variety of sample holders were used, 
including single tilt and a cryo-stage (-110 to 30°C). 
 
3.3.1.1 TEM Sample Preparation 
 In this study, a simple TEM sample preparation protocol was followed. 
First, a very small amount of CNT was gently ground in a mortar with alcohol 
(ethanol or isopropanol). The liquid from the mortar was then brought over in a 
test tube and placed in an ultrasonic bath for a few minutes. A TEM copper grid 
coated with a lacey carbon film (Figure 3.13) was dipped in the CNT-alcohol 
so
T
it reduces CNT tangling and improves CNT dispersion.  
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(a) (b) 
 
 
Figure 3.13 An optical image showing a 
lacey carbon film (b). 
TEM copper grid (a) covered with a 
 
  
bes (Figure 3.14 (a)) to 
dozens (65 layers) in highly ordered graphite walls of nanopipes, as in Figure 3.14 
(c).  
 
 A good example is to show how important TEM is in determining the 
diameter of carbon nanotubes. Figure 3.14 shows different MWNT produced by 
hydrothermal synthesis. These MWNT have different diameters ranging from 14 
nm in Figure 3.14 (a) to 220 nm in Figure 3.14 (b). The number of layers in the 
wall also varies from just a few (14 layers) in thin tu
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14 nm
(a)
22 nm
Inner layer
Outer layer
(c)
220 nm
(b)
 
F
ra
igure 3.14 TEM micrographs of MWNT produced by hydrothermal synthesis, 
nging from 14 nm (a) to 220 nm (b) in diameter, (c) is a high-resolution image 
e wall vary from just a few (14 layers) as in (a) to dozens 
5 layers) as in (c).  
 specimen. As mentioned earlier, when a surface of a sample is bombarded 
(or scanned) with an electron beam, electrons having energies of 30keV or less 
of a tube wall with the outer and the inner layers shown by white arrows. The 
number of layers in th
(6
 
 
3.3.2 Scanning Electron Microscopy  
 Scanning electron microscopy (SEM) is a method for high-resolution 
imaging of surfaces. SEM also uses electrons for imaging. A typical SEM has a 
resolution of 0.01 µm and a magnification of 100-600,000X. The magnification 
possible for SEM is limited by the beam spot size. In conventional SEM, an 
electron beam spot of ~ 1 µm in diameter is scanned repeatedly over the surface 
of the
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are emitted from the surface. These emitted electrons are known as secondary 
lectrons gives better contrast. Backscattered imaging, which is based on atomic 
M image, the secondary electron beam signal is displayed 
n a television screen in a scanning pattern synchronized with the electron beam 
an on the surface. However, it is important to mention that SEM does not 
men, but rather it produces an electronic 
map of the specimen that is displayed on a cathode ray tube (CRT).  
electrons [212]. Variation of the specimen surface topography will result in 
marked variation of the beam strength of secondary electrons. Imaging is typically 
obtained using secondary electrons for the best resolution of fine surface 
topographical features. Imaging can also be obtained from backscattered 
electrons. Alternatively, imaging with the reflected (backscattered) beam of 
e
number, is used to resolve microscopic composition variations, as well as 
topographical information [213]. 
 To obtain a SE
o
sc
actually view a true image of the speci
 A specimen to be examined under conventional SEM does not have to be 
flat, but it should be electrically conductive. A thin layer of metallic surface 
coating (usually gold) has to be applied on the nonconductive specimen surface 
before SEM observations. Samples that conduct electricity are the easiest to study 
because the unimpeded flow of electrons to the ground minimizes the artifacts 
associated with the buildup of charge. In addition, samples that are good electrical 
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conductors are usually also good conductors of heat, which minimizes the 
likelihood of their thermal degradation [212]. In environmental or low voltage 
field emission SEM, samples are not required to be conductive. In general, since 
the studied nanotubes are made of carbon, which is conductive, no sample coating 
is needed when carbon nanotubes are examined under this conventional SEM. 
  In this study, a field-emission environmental SEM (ESEM) Philips XL30, 
which is different from conventional SEM (described above), is used. It has a 
resolution of 2 nm, an accelerating voltage of 0.2 to 30 kV and a magnification 
that can efficiently reach 500,000X. A Peltier cooling stage can be used to induce 
le wet mode 
vaporization and re-condensation of liquids within the chamber. This ESEM has 
two modes; dry mode and wet mode. With the dry mode, there are different types 
of detectors; a secondary electron detector, a large field detector and a solid state 
backscattered electron detector. With the wet mode, there is a set of 
environmental gaseous secondary electron detectors. These availab
detectors have different pressure limiting apertures, which allow for different 
pressures in the ESEM chamber. The solid state backscattered electron detector 
can be also used in wet mode. This ESEM also has a digital EDS prism X-ray 
detector attached to it to allow EDS analysis. A typical ESEM schematic is shown 
in Figure 3.15. 
 
 
 75 
 
Figure 3.15 A schematic of ESEM showing different pressure zones (shown by 
different colors)
while a system of dif
 in the ESEM column. The gun can be maintained at high vacuum, 
ferential pumping- and pressure-limiting apertures allows the 
chamber to be maintained at a pressure of a few torr [214]. 
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igure 3.16 A SEM micrograph of HT CNF treated by autoclave treatment in Ar 
environment, (b) An EDS map showing the three elemental composition: Ar 
 
When HT CNF were treated in Ar gas environment by the autoclave 
treatment (discussed in Section 3.2), SEM and EDS were used as tools to 
determine the amount of elemental species present after the treatment. By using 
EDS, the treated sample was found to contain (by weight) 88.28% carbon, 
11.33% oxygen and 0.39% Ar. SEM image and two EDS maps of the treated HT 
CNF are shown in Figure 3.16. In Figure 3.16 (b), EDS map shows Ar in blue, 
carbon in red and oxygen in green. EDS map of only carbon and Ar is shown in 
Figure 3.16 (c), where Ar is shown in blue and carbon in red.  
Ar- Blue C- Red
O- Green
(b)
Ar- Blue  C- Red
(c)(a)
2 µm
F
(blue), carbon (red) and oxygen (green) and (c) An EDS map of only Ar (blue) 
and carbon (red) is shown. The amount of species was calculated to be (by weight) 
88.28% carbon, 11.33% oxygen and 0.39% Ar.   
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3.3.3 Raman Spectroscopy 
 Raman spectroscopy is one of the most important and unique tools in 
characterization of carbon materials. Until a few years ago, this technique was 
mostly applied in chemical studies as a complementary technique to infrared 
spectroscopy (IR), providing information on structure of organic samples. 
However, the theory behind Raman is different from that of IR, which is 
discussed in the next section [215]. Because of recent advances, especially in 
resonance Raman spectroscopy, this technique has been of particular importance 
ecause it gives a detailed characterization (structural, vibrational and electronic) 
ibrations and rotations of the molecule in the sample. The shifts in wavelength 
b
of different materials such as CNT [216].  
 When a beam of monochromatic light hits a sample, some of the light is 
transmitted, some is absorbed, and some is scattered. Most of the scattered light 
has the same wavelength as the incident light. However, a small fraction of the 
radiation scattered by certain molecules differs from that of the incident beam 
and, furthermore, this small fraction is shifted in wavelength by the molecular 
v
depend upon the chemical structure of the molecules responsible for the 
scattering. The spectrum of this wavelength-shifted light is the Raman spectrum 
[212]. The vibrational transitions that are observed in the IR or Raman spectra 
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appear to be in the 104~102 cm-1 wavelength region. The Raman effect can be 
el diagrams like the one shown in Figure 3.17. 
 
 
 
 
 
excitation than d, e and f [212]. 
described by using energy lev
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17 An energy level diagram showing Rayleigh, stokes and anti-stokes 
Raman scattering for two different excitation wavelengths. The corresponding 
spectra shown in the bottom: a and d are Rayleigh scattering; b and e are stokes 
scattering; and c and f are anti-stokes scattering. a, b and c use lower energy 
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 The laser, as a light source, raises the energy of a molecule from the 
ground state to a virtual state. This virtual state is not a stationary energy state of 
e molecule, but rather it is just a distortion of the electron distribution of a 
ovalent bon
ate by emitting a photon. In Figure 3.17, if the molecule returns to the 
ibrational energy level from which it started, as shown in Figure 3.17 (a), the 
itted photon has the same energy, and therefore the same wavelength, as the 
itial photon. Therefore, no energy is transferred to the molecule, and in this case 
e collision between the photon and the molecule are said to be elastic. This 
vent is called Rayleigh scattering. If the molecule returns to a higher vibrational 
vel, as shown in Figure 3.17 (b), the emitted photon has less energy, and 
itial photon. The vibrational energy of 
e molecule is increased. This event is called stokes Raman scattering. If the 
olecule returns to a lower vibrational level, as shown in Figure 3.17 (c), the 
mitted photon has more energy, and therefore a shorter wavelength than the 
itial photon. The vibrational energy of the molecule is decreased. This event is 
an scattering. Generally, anti-stokes lines are less intense 
an the corresponding stokes lines and for this reason, only the “stokes” part of 
es Raman intensity shown in Figure 3.17 (b) is 
th
c d. The molecule immediately relaxes back to its original electronic 
st
v
em
in
th
e
le
therefore a longer wavelength than the in
th
m
e
in
called anti-stokes Ram
th
the spectrum is generally used. The intensities of the Rayleigh scattered light and 
Raman scattered light are proportional to the number of molecules being 
illuminated. Therefore, the stok
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proportional to the number of molecules in the lowest vibrational energy level. 
Likewise, the anti-stokes Raman intensity is proportional to the number of 
molecules in the next higher vibrational energy level [217]. The ratio between the 
intensity of the anti-stokes lines to the stokes lines (Ianti/Istokes) can be used to 
detect properties such as variation of temperature [217]. 
 There are many types of Raman spectroscopy, such as resonance Raman 
spectroscopy, surface–enhanced Raman spectroscopy (SERS) and non linear 
Raman spectroscopy [218]. In this study, Micro-Raman spectroscopy has been 
utilized. In general, there are three major components in any Raman spectrometer: 
the laser source, the spectrometer and the detector. Lasers are usually used 
because of their high intensity, as it is necessary to produce Raman scattering of 
sufficient intensity to be measured with a reasonable signal-to noise ratio. The 
light for illuminating the sample and exciting Raman scattering is provided by the 
laser. Any type of continuous wave (CW) laser with emission between 200-800 
nm could be used. For example, Ar ion laser (514.5 nm) and a diode laser in the 
near infrared (780 nm) were used in this work. An optical system is required to 
direct the laser light onto the sample and to collect and analyze the returning light. 
This optical system is contained within the system unit and is called the 
spectrometer. A charged coupled device (CCD) array detector is employed to 
detect the optical signals produced by the sample after analysis by the grating. 
The camera is very sensitive and cannot be damaged by the optical overload. A 
 
 81 
diffraction grating disperses the radiation and reflects it onto the CCD. Because of 
the intensity of the Rayleigh line, which is several orders of magnitude greater 
than that of the Raman lines, holographic interference filters, called notch filters 
or a monochromator, as well as rejection filters, are usually in the instrument to 
limit the radiation reaching the transducer to wavelengths longer than that of the 
  
source. A slit is used to allow user selectable resolution. Finally, the microscope 
provides a convenient means of mounting the sample, focusing the laser beam 
onto it, and passing the returning beam into the system for analysis and detection. 
There is also a spatial filter that allows diffraction limited focusing in the 
microscope.  The laser light is usually coupled into the microscope with a beam 
splitter. The microscope also makes it easier to align the sample and find the 
correct region to analyze with Raman spectroscopy Figure 3.18 shows a 
schematic of the components of Micro-Raman spectroscopy. 
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Figure 3.18 A schematic of a typical Micro-Raman spectroscopy system.  
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 Raman spectroscopy has been used in many nanotechnology applications 
alysis of phase composition, thickness, disorder and residual 
esses in thin films and surface enhanced Raman analysis of monolayers of 
les. Line scans and mapping of phase transformations, as well as 
position, also have been detected in a variety of materials with spatial 
solution down to 150 nm [217]. In carbon research, Raman spectroscopy has 
een a very important tool because of the different vibrational modes that carbon 
llotropes can have. An example is shown in Figure 3.19, where Raman 
such as the an
str
organic molecu
com
re
b
a
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spectroscopy can be used to measure the degree of graphitization of graphitic 
 
 
 
 
 
 
 
Figure 3.19 Raman spectra of three different carbon materials (a) highly oriented 
activated charcoal with D and G bands showing at 1360 and 1580 cm-1, 
carbon. 
 
 
 
 
 
 
pryolytic graphite (HOPG) shows a peak at 1582 cm-1 and no D band, (b) 
respectively and (c) amorphous carbon with a very wide broad peak [217]. 
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 The strong Raman peak at 1580 cm-1 can be assigned to one of the two 
Raman active vibrational modes of graphite (E2g). This is called the G band. On 
e other hand, the band at 1350 cm-1 can be attributed to the disorder in graphite, 
and is called the D band. Thus, for example, highly oriented pyrolytic graphite 
(HOPG), as shown in Figure 3.19 (a), has a strong G band, but no D band [219]. 
 measure of the degree of graphitization in the carbon samples [219].  
Raman spectroscopy can be also used to distinguish between the different 
pes of carbon materials or to detect their presence in a specific sample. Figure 
.20 shows different Raman spectra for different carbon materials (different sp, 
sp2 or sp3 bonding) [220].  
 
 
 
 
th
In general, the ratio of the D band intensity to the G band intensity can be used as 
a
 
ty
3
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Figure 3.20 Ra
c
man spectra of different carbon materials (from top to bottom): 
arbyne (sp bonded carbon), graphite (sp2 bonded carbon), disordered graphite 
(sp2 bonded carbon), fullerene, carbon nanotubes and diamond (sp3 bonded 
arbon) [220]. 
  
c
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m-1 
NT 
 
where ωR is the RBM frequency and d is the tube diameter. The presence of RBM 
RBM range in Figure 3.21 (b). According to the equation (1), this 
Since carbon nanotubes have different vibrational modes (phonons), their 
Raman shifts could vary as a function of the nanotube diameter. This is due to th
changes in the unit cell and the change in the number of atoms in the unit ce
with respect to size. A good example is to measure the diameter of SWNT 
embedded in polymer matrices such as nanocomposite fibers produced by 
electrospinning of polylactic acid (PLA) and polyacrylonitrile (PAN) with 
purified HiPCO SWNT. Raman spectra from the net polymer fibers were 
recorded at 514.5 nm and 780 nm excitation wavelength, as shown in Figure 3.21 
[101].  
The typical Raman peaks of SWNT are the radial breathing mode (RBM) 
at a 100-275 cm-1 range and tangential (stretching) modes at a 1500-1600 c
range [216]. The diameter of the SWNT can be estimated from the RBM peaks 
since the RBM frequency is inversely proportional to the diameter of SW
[221] following the equation: 
                                                    ωR ~ 224 cm-1 nm / d                                       (1) 
peaks in both Figure 3.21 (a) and Figure 3.21 (b) over a range of 108 – 275 cm-1 
confirms the presence of SWNT in both polymer fibers. At least 6 RBM peaks are 
observed in the 
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corresponds to a tube diameter range of 0.8 nm to 2.1 nm. Since SWNT exist in 
the form of bundles, tube–tube interactions within a bundle may cause ~6-20 cm-1 
up-shift in ωR with respect to the corresponding value in isolated tubes [221].  
Therefore, the tube diameter was estimated to range from 0.7 nm to 2.0 nm. A 
slight change in the relative intensity and position of Raman bands in the tubes 
embedded in the fibers could be due to the interaction of SWNT with the polymer 
or carbon matrix. Therefore, by using Raman spectroscopy, the inclusion of 
SWNT in the PLA and PAN matrix fibril was confirmed and the diameter of 
embedded SWNT was calculated. 
rovides spectral resolution of approximately 1 cm-1 
 
etector was used. The microscope objective used determined the spatial 
 Raman Micro-spectrometer Renishaw 1000 was used throughout this 
research. Two lasers were utilized, an Ar ion laser (514.5 nm) and a Diode laser 
(780 nm). Each laser generated 25mW of power, which was occasionally reduced 
to avoid damage of carbon nanotubes under the laser. In this study, an extended 
scanning 1800 g/mm grating p
per pixel of the charged coupled device (CCD). A -70°C Peltier cooled CCD
d
resolution. The spatial resolution was 1 µm for the 100X objective. Analysis time 
and accumulation varied for each sample but never exceeded a total of 2 minutes. 
Galactic Grams and Renishaw Wire software packages were used to analyze the 
collected spectra. 
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purified SWNT and PLA with 5 wt% SWNT, obtained using 514.5 nm excitation 
graphitization, rec
Figure 3.21 Raman spectra of composite nanofibrils (a) Raman spectra of original 
wavelength and (b) Raman spectra of PAN with 4 wt% SWNT before and after 
orded using 780 nm excitation wavelength. The spectra of 
composite nanofibrils with SWNT show all the typical peaks of SWNT such as 
radial breathing mode (RBM) peaks and tangential (stretching) peaks [101]. 
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3.3.4 Infrared Spectroscopy 
 Similar to Raman spectroscopy, Infrared (IR) spectroscopy relates to the 
various changes in energy brought about by transitions of molecules from one 
vibrational or rotational energy state to another. A molecule may absorb infrared
radiation of the appropriate frequency by exciting it from one vibrational or 
rotational level to another. When a beam of infrared energy, covering a broad 
frequency range, passes through a sample, the energy at certain frequencies, 
which matches the vibrational energy of the molecular bonds, is absorbed by the 
sample. A graph of the energy absorbed as a function of frequency is the 
absorption spectrum of the sample. Stronger vibrations absorb more energy, thus 
producing larger peaks in the spectrum. The spectrum is characteristic of the 
particular molecule and its molecular motions. Infrared absorption requires that a
vibrational mode of the molecule have a change in the dipole moment or charge in 
the distribution associated with it. Only then can radiation of the same frequency 
interact with the molecule and promote it to an excited vibrational state [212]. In 
contrast, in Raman, scattering involves a momentary distortion of the electrons 
distributed around a bond in a molecule, followed by reemission of the radiation 
 
 
as the bond returns to its normal state. Thus, in its distorted form, the molecule is 
temporarily polarized, which means the molecule momentarily develops an 
induced dipole that disappears upon relaxation and reemission [218].  
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 Carbon dioxide (CO2) is a good example to explain the difference between 
Raman and IR spectroscopy. Carbon dioxide is a linear molecule with two 
stretching vibrations possible; symmetric and asymmetric, as shown in Figure 
3.22.  
Figure 3.22 A schematic of carbon dioxide (CO2) molecule showing its two 
In the symmetric mode, there is no change in the dipole moment, as the two 
oxygen atoms move away from or toward the central carbon atom, thus this mode 
is infrared inactive. The polarizability, however, fluctuates in phase with the 
vibration since distortion of bonds becomes easier as they lengthen and more 
difficult as they shorten. Thus, Raman activity is associated with this mode. In 
contrast, in the asymmetric vibration, one oxygen atom moves away from the 
carbon atom as the carbon atom moves toward the other oxygen atom. As a result, 
a net change in charge distribution occurs, producing a change in dipole moment; 
 
 
 
stretching vibrations, symmetric and asymmetric [212].  
 
 
 
Symmetric Asymmetric
O CO O OC
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thus, an infrared peak arises from this mode. On the other hand, as the 
polarizability of one of the bonds increases as it lengthens, the polarizability of 
 study. For example, water is a weak Raman scatterer but a strong absorber 
of IR radiation. Thus, aqueous solutions can be studied by Raman spectroscopy 
 we want to confirm, for example, the presence of water, D2O or specific 
nctional groups on a material surface then IR should be used. 
Infrared spectroscopy has been utilized in carbon nanotube research [222, 
oor transmission and uneven light scattering related to the particle size [224]. 
urface enhanced infrared absorption (SEIRA) and diffuse reflectance Fourier 
the other decreases resulting in no net change in the polarizability. Thus, the 
asymmetric stretching vibration is Raman inactive, but it is IR active [212].  
 The application of Raman or IR technique depends on the sample and the 
desired
but not by IR. This advantage is particularly important for biological and 
inorganic systems and in studies dealing with water pollution problems. However, 
if
fu
 
223]. However, IR spectra of carbon materials are difficult to obtain because of 
p
S
transform IR spectroscopy are usually used to overcome these problems in carbon 
research [183, 225]. Not only is obtaining the IR spectra difficult, but their 
interpretation presents an additional problem. This is because several bands 
usually overlap, which makes it difficult to assign a specific absorption band to a 
specific molecular motion of functional groups. One example is the quinone 
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(benzoquinone) band that has been assigned to the 1660-1670 cm-1 or 1550 – 
1680 cm-1 interval ranges. The 1600 cm-1 band has also been a controversial band, 
as some researchers assigned it to oxygen surface compounds adsorbed on the 
CNT surface and some assigned it to ring vibrations of the basal plane [225]. 
Therefore, although IR is one of the powerful techniques available to study 
surface functional groups, its application in carbon nanotube research still needs 
to be explored more systematically.  
 An IR spectrum of toluene (C6H5CH3), which is an aromatic hydrocarbon, 
is shown in Figure 3.23 as an example of how to utilize FTIR in functional group 
characterization. The fingerprint region is shown from 700-1200 cm-1 region. An 
aromatic band is shown at 3000 cm-1. A peak, shown at 2900 cm-1, belongs to sp3 
CH. Typical peaks of  C=C are shown at 1600 cm-1 and 1475 cm-1. 
 In this study, a Digilab 600 series IR micro-spectroscopy system with an 
integrated diamond attenuated total reflectance (ATR) attachment has been 
utilized. The interior of the IR micro-spectrometer is similar to the Raman Micro-
spectrometer mentioned in Section 3.3.3. The spot size for this system is 25 µm 
with resolution of 0.125 cm-1. IR spectral range was obtained from the Mid IR 
region (400- 4000 cm-1). Samples typical accumulations were 30,000. No sample 
preparation was needed in most cases. The CNT were just placed on a gold coated 
glass slide and the beam was focused by the microscope. In some cases, sample 
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preparation was needed. 7 milligrams of CNT were mixed with 22 drops of 
mineral oil and the mixture was placed in a salt (sodium chloride) window. The 
background was collected first from the salt window alone.  
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Figure 3.23 An IR spectrum of toluene showing an aromatic hydrocarbon at 3000 
cm-1, sp3 CH at 2900 cm-1 and C=C at 1600 cm-1 and 1475 cm-1. 
 
Wavenumbers (cm-1)
3.3.5 Mass Spectroscopy 
 Atomic mass spectrometric analysis of a material first involves 
atomization, followed by conversion of a substational fraction of the atoms 
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formed during atomization to a stream of ions and finally separation of these ions 
on the basis of their mass to charge ratio (m/z) [212].  
 In mass spectrometry (MS), a substance is bombarded with an electron 
beam having sufficient energy to fragment the molecule. The positive fragments 
that are produced (cations and radical cations) are accelerated in a vacuum 
(m
fragm
assem
 
termed the base peak, and all others are reported relative to its intensity. The 
peaks are typically very sharp, and are often represented simply as vertical lines. 
olecular weight peak observed in a spectrum will typically 
present the parent molecule, minus an electron, and is termed the molecular ion 
ral isotopic abundance of C, H, etc. Fragments can be 
identified by their (m/z) ratio, but it is often more informative to identify them by 
the mass which has been lost. For example, loss of a methyl group (-CH3) from an 
through a magnetic field and are sorted on the basis of their mass-to-charge ratio 
/z). Since the bulk of the ions produced in the mass spectrometer carry a unit 
positive charge, the value m/z is equivalent to the molecular weight of the 
ent. The analysis of mass spectroscopy information involves the re-
bling of fragments, working backwards to generate the original molecule.  
The output of the mass spectrometer shows a plot of relative intensity 
versus the mass-to-charge ratio (m/z). The most intense peak in the spectrum is 
The highest m
re
(M+). Generally, small peaks are also observed above the calculated molecular 
13 2weight due to the natu
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organic molecule will generate a peak at m-15 and loss of an ethyl (-C2H5) will 
ion of the parent molecules 
can hardly occur, which enables the mass of large molecules to be measured. The 
sample is mixed with an appropriate matrix solution, crystallized and analyzed. 
Because of its sensitivity and accuracy, MALDI-TOF MS is common in 
qualitative analysis of biomolecules, peptide/protein mapping, DNA sequencing 
and analysis of various polymers [226]. 
s 
nitrogen UV (337 nm). The mixture, which is formed of CHCA (10 mM) and the 
sample (10 µM) solution is allowed to co-crystallize on a target plate. Alkali 
metal salt solutions (KCl and NaCl) were added to increase the yield of cationized 
species. When the laser is fired at the target, the matrix absorbs the laser light 
energy which vaporizes it (it desorbs from the surface) and this carries some of 
the sample with it. At the time that the laser is pulsed a voltage is applied to the 
generate m-29 [212].  
 In this research, matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) was used for chemical analysis. MALDI-
TOF MS system is a method for obtaining the mass of molecules by using the 
laser desorption. During the desorption, the fragmentat
 To prepare the studied sample, the sample is first mixed with the matrix 
solution. The matrix solution is alpha cyano-4-hydroxycinnamic acid (CHCA), 
which absorbs light at the wavelength of the laser produces. The laser used here i
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target plate to accelerate the ionized sample towards a time-of-flight (TOF) mass 
analyzer. The precision of this technique is considered to be approximately 10 
ppm. From MALDI-TOF spectrum, we can obtain the exact average number 
molecular weight (Mn) and weight-average molecular weight (Mw) of a polymer 
by applying some complex calculation and integration of the area under the peaks 
[226]. However, in this study, these calculations were avoided, since we are only 
t of one ethylene oxide (CH2-CH2-O-) 
+ +
has an average molecular weight of 440 g/mol. 
interested in a general method to find out the overall average of the polymer as 
well as its monomer repeating unit. 
 A typical MALDI-TOF spectrum of commercial polyethylene glycol 
(PEG) is shown in Figure 3.24. Because of the low dispersity of PEG and the 
ability of the polyether units of PEG to form positive oxonium ions, MALDI is 
very valuable for characterizing reactive PEG derivatives and their conjugates. 
Typically, MALDI spectra of PEG derivatives or conjugates can be recognized by 
a characteristic distribution of spectral lines equally spaced at 44 mass units apart, 
corresponding to the molecular weigh
repeat unit. In contrast to a standard MS, no polymer fragment ions are observed. 
The only low mass signals present are due to the matrix, the catonization agent 
and the alkali metals, which are Na  and K  in this case. Also, matrix clusters are 
sometimes observed. The average molecular weight can be calculated as a 
Gaussian distribution signal. Therefore, the PEG spectrum shown in Figure 3.24 
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has an average molecular weight of 440 g/mol.  
 
 
3.4 Computer Aided Programs 
 
 
 
Figure 3.24 A MALDI-TOF MS of standard polyethylene glycol (PEG), which 
 ChemSage 4.14 advanced Gibbs energy minimization program from GTT, 
Germany [227], was used to model the interaction between carbon and water at 
elevated pressure and temperature. Calculations were done assuming closed 
systems and ideal gases. Exclusion of liquid water from calculations also wa 
assumed, as in previous studies of hydrothermal systems [228], since this would 
interfere with the calculation needed as water is one of the initial reactants due to 
the software limitations.  
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3.4.2 HyperChem 
 HyperChem is a molecular modeling software product. It is a 
comprehensive tool for visualizing, analyzing and communicating inform
about molecular structures as well as for performing the calculations of 
computational chemistry. HyperChem has several calculation capabilitie
density functional theory (DFT) as a basic computational engine as well as 
molecular mechanics, semi-empirical quantum mechanics and ab initio
ation 
s such as 
 quantum 
tion terminated when a specified 
MS gradient convergence criterion (0.01 kcal/mol Å) was reached. The models 
ovide a graphic visualization [229]. 
mechanics. These include geometry optimization, infrared and optical spectra, 
molecular dynamics, Monte Carlo, etc. In this study, HyperChem version 7.5 
demo was used. A Polak-Ribiere conjugate gradient algorithm was applied to 
optimize the molecular structure. The optimiza
R
used here are only intended to pr
 
 
 
 
 
 
 99 
4. RESULTS AND DISCUSSION 
uid 
 Quantitative chemical analysis of the attoliters volumes [62] of fluids or 
gases entrapped in the nanotubes is not trivial. Therefore, a thermodynamic 
d to determine the equilibrium composition of the tube 
4.1 Hydrothermal Nanopipes 
4.1.1 Analysis of the Entrapped Fl
 Hydrothermal carbon nanopipes contain an aqueous fluid, which is 
encapsulated under high pressure (Figure 3.1) [59]. In order to conduct a detailed 
analysis of this entrapped aqueous fluid, extensive TEM (including EDS and 
EELS) studies, as well as thermodynamic simulations were performed. 
4.1.1.1 Thermodynamics Analysis 
simulation was use
contents. 
 Under synthesis conditions, all components of the fluid are expected to be 
in a supercritical state and show complete miscibility. Figure 4.1 shows the 
equilibrium reaction products as a function of temperature for the reaction 
between 1 mole of ethylene glycol (EG) (or any carbon source) and 2 moles of 
H2O at 80 MPa. The number of moles of the reactants (EG and H2O) was chosen 
based on the initial conditions of the hydrothermal nanopipes synthesis [60].  
H2O, H2, CO, CO2, CH4, minor quantities of higher hydrocarbons, formic acid 
 
 100 
and many others are expected to form at these hydrothermal conditions (Figure 
4.1). 
 
Figure 4.1 A logarithmic plot of all equilibrium species resulting from the 
reaction of 1 mole ethylene glycol and 2 moles of water at 80 MPa. E
reaction products are plotted as a function of temperature. 
quilibrium 
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ature at constant pressure (80 MPa), is used to analyze the fluid 
omina
ses in Figure 4.2). Equation 2 might explain this reaction at equilibrium: 
                                           CO2 + CH4   ↔ 2 H2O + 2C                                      (2) 
                                                                                          
The carbon precipitation can occur from a CH4/CO2 mixture by lowering the 
temperature. As can be seen in Figure 4.2, water is the dominant component in the 
fluid over the entire temperature range, especially at room temperature. This 
indicates that a temperature increase results in a chemical reaction between the 
tube and the supercritical fluid, thus causing dissolution of carbon. From Figure 
4.2, CO2 and CH4 are also expected to be present inside the tubes along with the 
water. The equilibrium fluid composition at room temperature is calculated to be 
85.2% H2O, 7.4% CH4 and 7.4% CO2 (Figure 4.2).  
 Figure 4.2, which is a plot of the main equilibrium products as a function 
of temper
d nt species in hydrothermal nanopipes. This plot is different from the plot 
in Figure 4.1 as it is focused on the species that exist in higher concentrations, i.e. 
higher molar fractions. Figure 4.2 shows that at about 1170 K (the maximum 
temperature reached during hydrothermal synthesis), the mixture contains only 
CO2, H2O, and CH4, which are all in gaseous state. As the system is gradually 
cooled, carbon from CO2 and CH4 condenses back in the form of carbon 
nanotubes. Therefore, carbon deposition leading to nanotube growth (if catalyst 
particles are present) is expected to occur upon cooling (as the temperature 
decrea
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Figure 4.2 A plot of the equilibrium products of a mixture of 1 mole ethylene 
glycol and 2 moles of water. The products are a function of temperature at 
constant pressure (80MPa). At room temperature, the equilibrium fluid 
alculated to be 85.2% H2O, 7.4% CH4 and 7.4% CO2. 
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 In the actual system, pressure and temperature are simultaneously lowered 
in the closed autoclave head. Figure 4.3 shows the pressure dependence of the 
reaction products at 300 K. The pressure has almost no effect on the predicted 
room temperature composition of the fluid trapped in the nanotubes. At higher 
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temperatures, same pressure independency results are obtained. The independence 
of the equilibrium products on pressure is shown as straight lines in Figure 4.3.  
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Figure 4.3 A plot of the equilibrium reaction product amounts as a function of 
pressure at 300 K. The composition of the fluid is shown to have a very weak 
dependence on pressure at room temperature. 
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The independence of the pressure on the reaction composition, specifically at 
higher temperatures, might be explained by Le Chatelier’s principle. Le 
Chatelier’s principle states that if a system is in equilibrium and it is subjected to 
stress, it will react in a way to counteract the stress [201]. At 1170 K, carbon will 
no longer exist in the sample, as shown in Figure 4.2. Thus, the only components 
left in the system are CO2 (gas), CH4 (gas) and H2O, which also will be in a gas 
(vapor) phase at this condition. By looking at the
mole of H2O (which is on the reactant side) and there are about 0.5 moles of each 
CO2 and CH4 (both are on the product side). Therefore, both sides of the reaction 
have a total of 1 molecule of gas, and as a result the pressure increase (or 
decrease) would cause no change. 
However, the solubility of gases in water increases with increasing 
temperature (assuming an infinitely stiff circular cross-section of the tube) predict 
ternal pressures as high as 30 MPa [230]. The pressure would be lower if the 
[198], CO2 also should be liquid inside the nanotube and probably mixed with 
 Figure 4.2, at 1170 K, there is 1 
 
pressure. This can affect the behavior of the liquid inside the tube. Estimates 
based on the C-H-O composition during the entrapment at the synthesis 
in
fluid were trapped at temperatures below the synthesis temperature. Since the 
critical point of H2O is 647 K (374°C) and its critical pressure is 22.064 MPa 
[198], H2O should be at its liquid state inside the nanotube. Since the critical 
temperature for CO2 is 303.97 K (30.97ºC) and the critical pressure is 7.375 MPa 
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water at the calculated internal pressure of about 30 MPa. However, CO2 might 
vaporize quickly upon heating because of its low critical temperature. The critical 
mperature for CH4 is 190.4 K (–82.6ºC) [198], thus it cannot be in the liquid 
state at room temperature or higher temperatures in the nanotubes. Therefore, CH4 
re 
 
respectively. Figure 4.4 (c) confirms the presence of oxygen inside the nanotube, 
It is important to note that the carbon signal originates mainly from the 
carbon of the walls, and we do not expect to see carbon from the carbon dioxide 
(CO2) or from the methane (CH4), or at least, we cannot distinguish or separate 
te
is expected to be the major component of the gas phase at room temperature. The 
solubility of methane in water is rather low (<0.4 mole% at the estimated pressu
inside the tube at room temperature) and it decreases at higher temperature. 
4.1.1.2 TEM Analysis (including EDS and EELS Analysis) 
 The experimental analysis was conducted using EDS and EELS in 
addition to TEM imaging. Although hydrogen cannot be measured using EDS, 
this technique can determine oxygen down to 0.1% concentrations. It can also 
distinguish between the oxygen traces trapped sparsely on the carbon walls and 
the much higher oxygen quantities contained in the fluid. Figure 4.4 (a) shows a 
TEM image of a filled hydrothermal nanopipe. Corresponding EDS maps for
carbon and oxygen atoms are shown in Figure 4.4 (b) and Figure 4.4 (c) 
even though the signal is quite low because of its low quantity. 
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those signals. This will be shown in more detail from the EELS analysis in the 
next section. On the other hand, the oxygen signal comes from CO2 and H2O, and 
probably a monolayer of oxygen species that may be adsorbed on the tube walls. 
The oxygen map shows more oxygen in the dark area, which is the fluid, than that 
in the area of voids (bubbles) as seen in Figure 4.4 (c). Therefore, we can 
conclude that oxygen comes mainly from the liquid components. 
(a) 
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 While EDS analysis shows oxygen atoms to exist inside the nanotubes, its 
sensitivity to oxygen is limited. Further confirmation of the entrapped oxygen was 
obtained by using EELS, which has much higher sensitivity and precision than 
EDS. Oxygen may be also adsorbed on the walls of both open and closed 
nanopipes, but the amount is insignificant compared to that trapped in the fluid 
phase. The adsorption of oxygen atoms (or groups) on the walls of the nanopipes 
is discussed in further details in the next sections.  
 In order to monitor the oxygen atoms inside the nanotubes, EELS spectra 
uidic inclusions of 
the nanopipe. Two EELS spectra for the same nanopipe are also conducted; one at 
the center and one at the wall of the nanopipe, as shown in Figure 4.5 (c) and 
Figure 4.5 (d) respectively. Both of these EELS spectra have peaks around 284 
eV corresponding to the existence of carbon. From Figure 4.5 (c), an oxygen edge 
as well as mapping of oxygen and carbon atoms are measured as shown in Figure 
4.5. To acquire a composite map (also called EELS spectrum image), one EELS 
spectrum for every 10 nm x 10 nm square domain is obtained. The intensity of the 
elemental peaks (C-K edge and O-K edge) in each EELS spectrum are compared. 
The high local intensity (indicating high elemental content) appears very bright, 
while low intensity appears dark. Figure 4.5 (a) and Figure 4.5 (b) show carbon 
and oxygen maps, respectively, of a typical nanotube with fluid inside. From the 
oxygen map (Figure 4.5 (b)), where more intense bright color exists in the center 
of the tube, it can be concluded that oxygen is present in the fl
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is observed at 532 eV compared to a lack of an oxygen edge in Figure 4.5 (d). 
This observation confirms that oxygen is indeed present in the fluidic inclusion of 
the hydrothermal nanotubes. 
Carbon Map Oxyg
 
 
igure 4.5 EELS maps of carbon (a) and oxygen (b) in a hydrothermal nanopipe. 
he brighter the color in the map, the higher the local intensity of the element is 
F
T
present. The oxygen map shows the presence of oxygen inside the nanopipe and 
on its surface. EELS spectrum taken at the center of the tube (c) confirms the 
presence of oxygen atom at the 532 edge. EELS spectrum taken at the wall of the 
nanopipe (d) does not show any presence of oxygen. Both EELS spectra (c) and 
(d) have a carbon edge at around 284 eV. 
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4.1.2 Walls of Nanopipes  
4.1.2.1 Inner Walls of Nanopipes 
 Extensive lattice fringe HRTEM imaging of the tube walls in the area of a 
liquid meniscus (Figure 4.6) showed a strong interaction between the tube walls 
and the liquid entrapped. If a liquid inclusion is present in the area where some 
graphite planes are terminated within the tube, swelling of the tube walls is 
always observed and the wetted graphite layers points away (contracts) from the 
 It is important to note that the lattice fringe pattern changed from 
continuous thin lines, which are typical of graphene layers (Figure 4.6 (a)) to 
dotted lines (Figure 4.6 (d)) that suggest a non-planar structure. The formation of 
the first “dot” at the termination of the carbon layer can be seen in Figure 4.6 (d) 
(marked with white arrows). The formation of these dots could be due to the 
wall toward the tube axis (see arrows in Figure 4.6 (a) and (b)). It is believed that 
it is the water/gas penetration between the carbon layers that causes this behavior. 
It is important to note that this deformation of the inner carbon layers is observed 
independently of the amount of liquid present; a film of liquid less than 1 nm 
thick (Figure 4.6 (a)) caused the same lattice deformation as the inclusion filling 
the entire tube cross-section. This strong interaction between liquid and tube walls 
appears to be of a chemical nature, and may explain the low mobility of the 
liquid/carbon interface near the walls.  
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chemical reaction that takes place between the walls and the fluid. This chemical 
reaction will probably result in the presence of carboxyl or hydroxyl groups as 
shown in schematic Figure 4.6 (c). Thus, the formation of dots could be the result 
of bonding of these OH groups (either from COOH or OH) to the dangling carbon 
p to 0.95 nm was achieved using FeCl3 [231]. Thus, water and gases can 
 penetration of a monolayer of water 
bonds, forming hydroxyl and carbonyl groups. These groups make carbon inner 
edges hydrophilic and allow hydrogen bonding to the entrapped water molecules, 
which cluster at the carbon surface. Attachment of large groups to the graphene 
edge and their hydrogen bonding to water molecules in the thin liquid layer 
covering the tube wall (or to water molecules in the liquid inclusion) pulls the 
inner cylinder toward the center of the tube, away from the tube surface, as 
schematically shown in Figure 4.6 (c). This allows water and carbon dioxide to 
penetrate between the carbon layers and leads to further swelling of the structure 
(Figure 4.6 (d)). 
 In some locations, uniform swelling and intercalation of tube walls 
resulting in almost doubling of the lattice spacing (Figure 4.6 (e)) was observed.  
A similar intercalation of MWNT resulting in an increase of their lattice spacing 
u
penetrate between carbon layers forming a structure that may be similar to 
graphite oxide (GO) [232]. The observed interplanar spacing of 0.61 nm (Figure 
4.6 (e)) is in agreement with the 0.6-0.7 nm spacing in GO. Another explanation 
for the increased spacing may be due to
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molecules between graphene sheets. Considering that the size of oxygen governs 
0.3 nm), the spacing increase due to water 
penetration should be 0.335 + 0.3 nm = 0.635 nm. This value is comparable with 
the one measured from Figure 4.6 (e). The fact that no bending of graphene sheets 
was found in dry open nanotubes (Figure 4.6 (f)) confirms the hypothesis of 
intercalation with OH species. Intercalation of graphite or CNT by hydrothermal 
treatment has never been reported before. Intercalation with oxygen species can 
lead to change in electronic and chemical properties of the tubes. GO is known to 
be non-conductive [232], thus an insulating layer can be formed inside the tube. 
 
that of a water molecule (about 
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Figure 4.6 Lattice fringe HRTEM images of the tube wall in the vicinity of a 
liquid/gas interface showing the structural changes in the graphite layers in 
contact with the liquid (a) penetration of the liquid between the layers in the 
presence of a thin (~ 1 nm) liquid layer covering the inner surface of the tube, (b) 
a thicker (~2 nm) liquid layer - radial contraction of the edges of the innermost 
carbon cylinders is clearly seen in both micrographs, (c) schematic showing 
interaction of terminated graphene edges with water, (d) strong interaction leading 
to dissolution of hydrated carbon layers, (e) intercalation of inner layers of the 
nanotube and (f) dry open tube that does not show any carbon-edge bending 
behavior. 
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n 
e tube wall and pull the graphite layers away from the inner tube surface.  
 
 
 
 
Figure 4.7 A TEM image of carbon nanopipe where some graphite layers (marked 
by white arrows) are pulled out from the inner walls of the nanopipe after fast 
contraction of the liquid inclusion.  
 Another interesting phenomenon is observed when the fluid in the 
nanopipe has undergone a violent evaporation due to fast heating with a focused 
electron beam (200KV) as shown in Figure 4.7. Along with the liquid detached 
from the inner surface of the nanotube, graphene layers were found to be pulled 
out from the tube wall and strongly bent toward the tube axis as shown by the 
white arrows in Figure 4.7. Such observation might be explained by the 
interaction between COOH- or OH- terminated graphite layers and water, similar 
to what has been explained in Figure 4.6 (c). Hydrogen bonding appears to be 
strong enough to overcome van der Waals interactions between graphite layers i
th
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 Multiwall nanotubes are known to have a low chemical reactivity typical 
of graphite [8].  However, extensive heating with the electron beam in the TEM 
can raise the temperature inside the tube above 600-700°C. Thermodynamic 
analysis (Figure 4.2) predicts that the temperature increase will result in a 
chemical reaction between the tube inner walls and the supercritical fluid. This 
chemical reaction leads to the dissolution of carbon walls in the area of the 
inclusion (Figure 4.8), and ultimately the puncture of the tube wall and loss of the 
tube fluid to the microscope environment. The dissolution of the walls might be 
explained as follows: in a freestanding and deformed carbon cylinder, 
hydrogenation or oxidation of carbene rings is possible, resulting in transition 
from an sp2-hybridized flat graphite network to an sp3-hybridized hydrated layer. 
This could be the first step toward dissolution of the wall. This initial process is 
similar to the hydrogenation of aromatic rings, under pressure in the presence of a 
catalyst, which produces cyclohexanes [232]. Controlled dissolution of wall 
sections of multiwall nanotubes by reaction with the supercritical fluid can be 
used to produce chambers inside the tubes (Figure 4.8 (b)) and dissolve internal 
closures in the tubes, or open the closed tubes [233, 234]. The same chemical 
reaction could also form some carbon clusters inside the CNT as shown in Figure 
4.9 (a). This behavior is similar to that of ink in an empty plastic pen refill (Figure 
4.9 (b)). These dark spots could be explained as a result from the evaporation of 
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liquid trapped inside the nanotubes, which will lead to clustering of the carbon 
remaining in that specific pattern. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 (a) A TEM micrograph of a nanotube with a partially dissolved wall 
and intercalated oxygen groups between the graphene layer. (b) A schematic of 
tube etching in the vicinity of a liquid inclusion using localized heating with an 
electron beam. 
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Figure 4.9 (a) TEM image of a carbon nanopipe with clusters of carbon 
evaporation of the entrapped liquid, which is similar to that of ink on the inner 
 The structure of hydrothermal carbon nanopipes and their growth 
mechanism can be described by a conical scroll model [235]. The low-angle 
conical scroll structure of the tube walls could lead to a sufficient number of plane 
terminations along the tube to make the whole tube surface hydrophilic. Thus, 
(b)
(a)
50 nm
aggregated under the electron beam. The clustering behavior could be due to 
surface of a plastic pen refill (b). 
 
 
4.1.2.2 Outer Walls of Nanopipes 
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surfaces of hydrothermal nanotubes could be hydrophilic, unlike clean or 
hydrogen-terminated surfaces of nanotubes produced by some CVD, laser 
blation or arc synthesis technique, which are hydrophobic. To carefully examine 
the su an 
 Since the tu
ssume that carboxyl or hydroxyl groups may attach to graphene edges during 
ynthesis. Formation of surface oxides renders the carbon surface hydrophilic 
ehavior. Figure 4.10 shows a TEM image of hair-like structures found on the 
uter wall surface of carbon nanopipes. This hair-type structure has never been 
bserved before. The length of the “hairs” in Figure 4.10 is measured to be 5 – 10 
. When this length is compared to carboxyl and hydroxyl groups, it better 
ompares to the length of carboxyl group –COOH (~ 4.0 Å) than that of O-H 
.96 Å), C-O (1.43 Å) or C=O (1.20 Å) bonds [198]. The above analysis, 
owever, does not exclude the presence of these other functional groups and it 
oes not account for the presence of overlapping functional groups on the surface. 
a
rface of carbon nanopipes, extensive TEM imaging, EELS analysis, Ram
and IR spectroscopy were performed. 
be growth occurred from the C-O-H fluid, it is reasonable to 
a
s
b
o
o
Å
c
(0
h
d
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igure 4.10 A HRTEM image of the wall of hydrothermal carbon nanopipe 
showing a hair-like coating visible on the outer surface. The hair structures are 
 On the other hand, EELS mapping was conducted for carbon nanopipes.  
igure 4.11 (a) shows a color composite map image of a carbon nanopipe with 
s carbon atoms, while the pink color indicates 
Hairs
F
shown by the black arrow.  
 
 
F
fluid inside. The blue color indicate
the oxygen atoms. This composite EELS map shows oxygen presence inside and 
outside of the CNT, which corresponds to the trapped liquid phase (H2O and CO2) 
and outer hair structure, respectively. EELS spectra of the hair-covered surface 
and the nanopipe wall are compared respectively, as shown in Figure 4.11 (b). In 
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general, from the EELS spectra, sp3 bonding as σ* or sp2 bonding as π* can be 
distinguished. In Figure 4.11 (b), the π* peak of C is not detectable in the EELS 
spectrum of the hair-like surface region in contrast to that of the inner tube wall. 
This suggests that carbon in the outer surface layer has sp3 hybridized orbitals. 
This could be another confirmation of the “hair” structures as they probably 
mposite map shows oxygen in pink and carbon in 
ue. It can be seen that oxygen is present inside, where the fluids are present, and 
on the outside, suggesting the presence of some functional groups containing 
xygen atoms. (b) EELS spectrum of the hair-covered surface and the nanotube 
inner wall. Scanning probe size is 1 nm. O-K edge is detected in the hair region. 
he π* peak of the C-K edge, characteristic of the carbon nanotube wall, is absent 
 the hair-like surface region. 
 
consist of carboxyl groups (COOH-). 
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 Raman spectroscopy, using an Ar ion laser (514 nm), was conducted for 
the nanopipes to examine their surface structure. A typical Raman spectrum is 
obtained as shown in Figure 4.12. The Raman spectrum is similar to that obtained 
for highly oriented natural graphite. The degree of graphitization, as well as the 
the intensity of the peaks (especially 
350 cm-1 in this case), have been investigated before [66]. However, careful 
xamination of the spectrum does not show any strong distinctive peaks for any 
e functional groups of our interest such as carbonyl or hydroxyl groups. Many 
of the groups, such as OH and C=O, are often weak in the Raman spectrum and 
are easily missed at low levels. That is because of the nature of these functional 
sult in a weak Raman signal [217]. There is a very 
eak signal at about 1610 cm-1 that could be related to C=O. However, enlarging 
the spectrum to see details of this peak is not very helpful as this signal intensity 
of this peak is extremely weak.  
4.13). This is probably due to the small surface area of the nanotubes, which 
dependence of the nanopipe’s diameter on 
1
e
th
groups, for example, carbonyl groups are highly polar and have a volumetrically 
inflexible bond, this will re
w
 Therefore, to investigate the presence of functional groups on the surface 
of the carbon nanopipes, IR spectroscopy was conducted. Figure 4.13 shows the 
IR spectrum of hydrothermally synthesized carbon nanopipes. Even though the 
sample was dried in the oven for 30 minutes and kept in the dessicator before the 
IR spectrum was collected, the spectrum still shows the presence of water (Figure 
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makes it easier for the water from the surrounding environment to be adsorbed on 
the CNT surface. It could also be because the hydrothermal nanopipes already 
have water, thus this could be an obstacle in obtaining a clean spectrum. 
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Figure 4.12 A typical Raman spectrum of hydrothermal nanopipes showing the 
typical D band and G band. Very weak signal of C=O is observed at 1610 cm-1 
but it is not strong enough to confirm the presence of any functional groups on the 
surface of the hydrothermal nanopipes. The spectrum is similar to that of highly 
oriented graphite. 
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 Unfortunately, the carbonyl C=O signal (1680-1750 cm-1) and the 
hydroxyl O-H signal (3400-3650 cm-1) are in the region where water appears. 
Thus, it is very difficult to detect the presence of carbonyl groups or hydroxyl 
groups on the surface of the CNT. However, there is an obvious signal at around 
2800 cm-1. This signal clearly belongs to carboxylic acid group (COOH), as 
shown in Figure 4.13. This peak supports the presence of carboxyl groups on the 
surface of the carbon nanopipes. 
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Figure 4.13 An IR spectrum of carbon nanopipes. Although, the spectrum is 
(COOH) at 2800 cm
dominated by the presence of water and carbon dioxide, a weak carboxyl group 
carboxylic groups on the surface of carbon nanopipes. 
-1 can be clearly observed. This supports the presence of 
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In conclusion, the presence of the hydrothermal fluid could result in 
surface oxidation of the tubes, as supported by first visualization of the hair-like 
structures on the CNT surfaces, second the presence of oxygen on the outer 
anotubes in EELS mapping, and finally the presence of at least 
carboxyl (COOH) groups in the IR spectrum. These carboxylic groups (as surface 
 
rface of the nanotubes as shown by the black arrows in Figure 4.14 (a). After 
 diameter. The volume of the segmented water, shown in Figure 4.14 (b), is 
calculated to be 0.290 attoliters (see Appendix Section A.4 for calculations). This 
surface of the n
groups) present on the CNT create hydrophilic adsorption centers. 
4.2 Filling with Water 
4.2.1 CVD Carbon Nanotubes  
 Since CVD carbon nanotubes have diameters in the range of 2.5-5 nm (as
shown in Section 3.1.1.2.1), they serve as an excellent candidate to examine the 
behavior of water in confined channels, as well as to study the effect of the CNT 
internal diameter on filling [236]. A TEM image of a typical empty nanotube, 
with an inner diameter of about 3 nm before autoclave treatment, is shown in 
Figure 4.14 (a). Amorphous carbon and wall defects are usually present on the 
su
the autoclave treatment, many of the nanotubes were confirmed to be partially (or 
segmentally) filled with water (Figure 4.14 (b)). This is considered to be the first 
time water behavior has been ever visualized in ultra-narrow channels below 5 nm 
in
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se ted filling could be explained as follows: during the autoclave treatment, 
supercritical water penetrates through wall defects (when present) and occupies 
the whole volume of the nanotube channel. During the cool down stage, the 
temperature of the nanotube contents decreases along with the pressure (closed 
system), eventually causing condensation of water and the appearance of 
gas/liquid interfaces.  
 In small diameter CVD 
gmen
nanotubes (Figure 4.14 (b)), there is no clear 
meniscus separating the gas and the liquid phases (shown by black arrows), unlike 
 
ese disordered interfaces. Figure 4.14 (b) is in agreement with the published 
 a 5 nm nanotube [160].  
in larger tubes (50 – 100 nm), shown in Figure 3.1, where water appears to 
occupy volumes having shapes consistent with macroscopic behavior [62, 235]. 
This difference in behavior is expected to be caused by the difference in 
diameters. Thus, at diameters of 5 nm or less, water molecules at the liquid/gas 
interface may no longer obey the bulk-like behavior seen in 50-100 nm diameter 
tubes. Disordered interface behavior could be explained by the random water 
molecular movement and vibration at the liquid/gas interface, which can
apparently overcome the restraint of surface tension and cause the formation of 
th
model of a water droplet in
 Figure 4.14 (c) shows a structural HyperChem simulation conducted for 
water in a (30,30) CNT of 4.07 nm diameter. This simulation shows that about 9 
 
 125 
layers o
aller with the 
fects in the tube walls (Figure 4.14 (b)), which can be 
introduced by the electron irradiation during TEM observation. The presence of 
defects in the tube walls also may count for the apparent wetting behavior 
 There always has been some doubt by the scientific community of the real 
composition of what is entrapped inside the CNT. To confirm that the material 
inside the tube is water and not amorphous carbon or hydrocarbons trapped during 
synthesis, EELS analysis of the nanotubes, before and after treatment, including 
spectral imaging in STEM mode were performed. Previous EELS work [237] 
conducted on crystalline ice demonstrated that the corresponding ice spectra have 
a characteristic peak in the low loss region (9.1 eV), which corresponds to water 
molecule excitation. 
 
f water molecules can fit in the tube cross-section, which agrees with the 
number of molecular layers observed using TEM (Figure 4.14 (b)). This 
simulation also shows that there is no wetting of the inner tube surface. This non-
wetting behavior is expected for a graphene sheet [165], but it is in contrast with 
the behavior observed for the hydrothermal nanopipes having OH- terminated 
surfaces (Figure 4.6). The contact angle also is shown to be sm
increasing number of de
observed in Figure 4.14 (b).  
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Figure 4.14 A TEM micrograph showing (a) an unfilled CVD nanotube with 
the surface of the nanotube. After autoclave treatment, water is found in the 
n (b). An irregular liquid-gas 
interface is clearly seen in this nanotube. (c) A HyperChem simulation of water in 
 
 
 
 
 
 
 
 
 
 
diameter of 2.9nm. Some amorphous carbon (shown by black arrows) exists on 
nanotube channels (4.09 nm in this case) as shown i
a (30,30) nanotube of diameter 4.07 nm is used to illustrate how water will be 
arranged inside a nanotube of the same diameter as shown in (b). The carbon 
atoms are shown in grey balls, the oxygen atoms are shown in red and the 
hydrogen atoms are shown in white.  
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 When CVD nanotubes are cooled down to -80 °C, an EELS peak at the 
same position is observed (Figure 4.15 (a)). This confirms the presence of ice. In 
comparison, EELS spectra of the supporting carbon film were also recorded and 
do not show the characteristic peak of ice; thus the possibility of ice formation on 
the film surface is excluded. Because the sample was observed in high vacuum 
TEM mode (1.5×10-5 Pa) for some time before cooling, no water adsorbed on the 
outer surface of the nanotubes could be sustained. Therefore, the peak at 9.1 eV in 
Figure 4.15 (a) may only originate from the ice entrapped in the nanotube 
channels. The present peak at 9.1 eV is more blunt than the one reported in [237], 
probably due to the scattering effect of carbon surrounding the ice. A typical 
r impurities. Combining the EELS results in Figure 4.15 (a) 
nd 4.15 (b), it can be concluded that the investigated nanotubes have water 
entrapped in their channels. The EELS spectrum images (Figure 4.15 (d) carbon 
ap and Figure 4.15 (e) oxygen map; both have 5 nm pixel size) were obtained 
EELS spectrum acquired from room temperature nanotubes is shown in Figure 
4.15 (b). The features at 284 and 532 eV correspond to the carbon K-edge and 
oxygen K-edge, respectively. The π* peak of the carbon K-edge reveals the sp2 
bonding in the graphite-like tube walls of the MWNT. Because STEM has a 
precise electron-beam probe with a size of 1 nm in diameter, the oxygen edge 
detected from the center of a carefully selected nanotube can only be attributed to 
water inside or oxygen-containing functional groups attached to the nanotube 
walls, not catalysts o
a
m
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from e “null element” map 
t 110 eV) was checked in advance and no significant artifacts due to systematic 
rrors in the background were present. The contrast change in the carbon map 
igure 4.15 (d)) reflects change of the quantity of carbon nanotubes. It is clearly 
isible in the oxygen map (Figure 4.15 (e)) that oxygen atoms form chains of 
hite spots, which correspond to water molecules aligned within carbon 
anotubes. 
The dynamics of the water confined in these CVD nanotubes was recorded 
es/sec. Two selected frames are shown in Figure 4.16. Water movement 
ccurs due to electron beam heating. Dashed white lines show the inner tube walls. 
he time span taken for this sequence is approximately one second. The image 
quence shows that under electron beam heating, water molecules undergo fast 
ibration and rotation, which is in agreement with Hummer’s model [146]. 
owever, no flow of liquid is observed, indicating that water at this nanometer 
ale behaves more like a solid, as expected from results obtained by molecular 
ynamics [146]. The fact that this image contrast can be seen and the water 
have been observed.                 
 clusters of filled carbon nanotubes (Figure 4.15 (c)). Th
(a
e
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v
w
n
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molecules inside nanotubes can be distinguished suggests that water, confined in a 
nanotube of diameter less than 5 nm, is not a fluid anymore. Otherwise, 
continuous dark contrast of the whole area, similar to the one observed for water 
in larger nanotubes due to fast motion of molecules in liquid water [59], should 
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Figure 4.15 (a) EELS spectrum of CVD MWNT with ice at -80 °C and of 
supporting carbon film. A peak at 9.1 eV corresponds to ice excitation. (b) EELS 
spectrum of a CVD MWNT with water at room temperature, showing C K-edge 
and O K-edge. σ* and π* peaks are noted for graphitic carbon. EELS spectrum 
images are generated from agglomerated nanotubes showing in (c) as carbon K-
edge map (d) and oxygen K-edge map (e). Both maps have a pixel size of 5 nm. 
Lines of white dots in (e) indicate the entrapped water molecules in CNT. 
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Figure 4.16 
a b
Two frames captured from the TEM video-record with a time span of 
1 second. The white dashed lines indicate the tube walls. The dark spots in the 
 
nanotube represent the water molecules. (a) The black arrow indicates a water 
molecule with a diameter of about 0.25 nm. (b) After 1 second the contrast 
changes, but no long-range movement of liquid is observed. 
 
 
The dark arrows, in Figure 4.16, indicate water molecules of size ~ 0.25 
nm [148], and the number of dark dots in the cross-section observed in TEM 
images is in agreement with the calculated number of water molecules that can fit 
in the tube cross-section, as shown in the HyperChem simulation in Figure 4.14 
(c).  Therefore, due to the presence of molecular rotation, contrast changes 
continuously, while no obvious liquid flow is observed.  
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Using the present water-filled MWNT, the dynamic response of water 
liquid-gas interfaces can be investigated by focusing the TEM beam on segments 
of the tube where entrapped water is visible. Dynamics of a water-gas interface is 
shown in a sequence of images in Figure 4.17. Focusing of the electron beam on 
the tube leads to the formation of voids (nanobubbles) in the fluid (shown by the 
black arrows), probably due to evaporation of water. Voids increase as the 
electron beam irradiation increases (Figure 4.17 (b) and Figure 4.17 (c)). The 
electron bombardment (radiolysis) is deemed not to be the reason of nanobubble 
formation, because under electron bombardment, uniform disordering in the entire 
exposed area is expected to happen [238], which is not the case in Figure 4.17.  
Since the time passed between the events shown in Figure 4.17 (a) and 
Figure 4.17 (c) is about 2 minutes, it is clear that the dynamics of water in 
nanometric channels is quite slow compared to what is expected to happen at the 
macro scale. The slow motion of water could be due to the presence of hydroxyl 
groups on the defects in the tube walls, similar to the ones observed in 
e rates 
xpected for that of thermally induced flow in micro-capillaries (recall the 
ovement of interface in a glass tube of an outdoor thermometer). The response 
hydrothermal nanopipes (Section 4.1). Water molecules could be pinned to these 
hydroxyl groups, forming strong hydrogen bonds. These strong hydrogen bonds 
could slow down the water motion [176]. The interface moved with nanometers 
per minute rate, as compared to millimeter or centimeter per minut
e
m
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times here are heavily retarded relative to those of bulk water, whose response is 
in picoseconds [166]. This contradicts the prediction that confined water retains 
its bulk fluidity [148]. This behavior may be explained by the presence of a strong 
interaction between the water molecules due to the presence of hydrogen bonding, 
which leads to a more pronounced formation of water molecule chains and their 
lignment along the tube walls (Figure 4.17 (c)). Neither contacts with the walls 
 in Figure 4.17 (d), 
pansion and formation of nanobubbles. 
 
 
 
 
 
 
 
 
 
 
 
a
nor wetting were observed, except at the defect sites, which confirms the 
nanotubes hydrophobicity in this case. This hydrophobic behavior and layering of 
water molecules is demonstrated in HyperChem simulation
which corroborates the observed ex
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Figure 4.17 A sequence of images produced by heating water confined in a CVD 
nanotube by electron beam. Evaporation of liquid, separation from the walls, 
formation of voids, and arrangement of molecules in chains can be seen. As the 
electron irradiation increases, voids start to form and grow in size (a)-(c). A 
HyperChem simulation of water in a (20,20) nanotube with diameter of 2.7 nm 
shows the presence of the void, as indicated in (a-a), as well as a diffused water – 
vapor interface (d). 
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Filling experiments of CVD CNT with heavy water (D2O) produced 
similar results to those with regular water (Figure 4.18). D2O can be detected 
using IR spectroscopy, which, in turn, provides independent confirmation of 
water trapped in the tubes after autoclave treatment. The deuterium 
functionlization could be also detected using IR spectroscopy. However, because 
of the size of these CVD nanotubes, IR spectra were very difficult to obtain. IR 
spectra for larger tubes containing D2O were collected (see next Section 4.2.2 for 
further details) and examined carefully. Figure 4.18 confirms that D2O does not 
wet the inner tube wall surface, as demonstrated by the clear separation (white 
arrow) between the walls and the entrapped liquid. CVD nanotubes are riddled 
ith defects, as shown earlier in Figure 3.4. It is expected that during autoclave 
eatment, water penetrates the nanotube shell through defects in the walls, as the 
ne shown by the dark arrow in Figure 4.18.  
Defect-free tubes may be difficult to fill, while open ended tubes will not 
e able to keep the liquid in vacuum and will lose water prior to TEM 
bservation. Defects play the role of a valve, which opens under high pressure 
perature and allows water to flow into the nanotubes and stops water from 
eing lost when pressure is released at room temperature. These valves can be 
pened again by heating the tube with an electron beam or by using other 
nergetic means, which allow controlled or even explosive release of the fluid 
ontents from the nanotube. The nanotube, shown in Figure 4.18, contains an 
w
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average of 5 la e tube axis). Chains of 
especially in the narrow (~1 nm) region under the wall 
efect, which agrees with model predictions [148, 167]. 
igure 4.18 A TEM image of heavy water (D2O) confined in a CVD nanotube. 
yers of D2O molecules (parallel to th
molecules are clearly seen, 
d
 
 
5 nm
Defect
 
 
 
 
 
 
 
 
F
During autoclave treatment, water can penetrate the tube through defects, such as 
the one shown by the black arrow. A distinct separation between the entrapped 
liquid and the inner nanotube walls is observed as indicated by white arrows, 
confirming the hydrophobicity of CVD nanotubes. 
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4.2.2 H
sis (Figure 4.19 (b)) confirms the 
 
eat-treated Carbon Nanofibers 
 Since most of the heat-treated (HT) CNF are closed, and some have 
bamboo like structures, they can be easily filled with water. Similar to CVD 
nanotubes, after autoclave treatment, HT CNF are confirmed to contain water by 
TEM observations as well as EELS analysis as shown in Figure 4.19. Because of 
their large internal diameters, the behavior of entrapped water is different from 
that of CVD nanotubes, but somehow similar to that of hydrothermal nanopipes. 
Water entrapped in HT CNF is expected to have fluid like properties. Figure 4.19 
(a) shows a typical HT CNF of 20 nm in diameter after autoclave treatment. A 
clear water meniscus separating the liquid from the gas phase inside the nanotubes 
is observed. There is a clear separation between the water present in the nanotube 
and the nanotube walls. This separation could be due to the lower adhesion forces 
that exist inside the nanotubes. EELS analy
presence of water entrapped in the HT CNF. This EELS spectrum is similar to the 
one obtained for CVD CNT shown in Figure 4.15 (b). Carbon K-edge and oxygen 
K-edge are observed at 284 and 532 eV respectively. The sp2 bonding in the 
graphite-like tube walls is observed from the π* peak of carbon K-edge. This 
confirms the presence of water inside the HT CNT. 
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Figure 4.19  (a) A TEM image of a HT CNF with water entrapped. A meniscus 
like water-gas interface is observed as water is expected to behave like a liquid 
under this diameter constraint. (b) A corresponding EELS spectrum shows the 
typical C-K and O-K edges of water contained in HT CNF. 
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 To independently confirm that HT CNF contain water, Raman and IR 
analysis were conducted for autoclave treated HT CNF in the presence of D2O. As 
expected, Raman analysis does not show any major changes before and after 
eatment as shown in Figure 4.20. Typical D and G bands as well as second order 
peaks are observed. The peaks are noticed to be lower shifted due to heating of 
the laser. No signal from any carbon-deuterium (C-D) bands is recognized in the 
spectra.  
tr
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Figure 4.20 Raman spectra, obtained by 514 nm Ar ion laser, of HT CNF before 
(blue line) and after (red line) autoclave treatment. Typical D and G bands as well 
as second order peaks of carbon nanotubes are observed. However, there is a shift 
in the peaks due to heating of the sample under the laser beam. No significant 
difference between the two spectra is identified.  
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 On the other hand, based on deuterated compounds and on some 
correlation with the C-H bending in fullerene and amorphous carbon, C-D 
stretching vibrations are expected to be in the range of 1900- 2300 cm-1 of the IR 
spectrum [239]. In this range, there are hardly any contributions from the 
vibrational modes associated with the C-H and C-O bands [240]. Unfortunately, 
the bending bands that are expected to be observed for D2O in the spectrum are in 
the region of 1000-1300 cm-1.  This region is dominated by the water appearance. 
The C-D stretching vibration also is expected to be very weak, due to the 
appearance of water [241]. Figure 4.21 shows an IR spectrum of HT CNF treated 
with D2O. Weak peaks of a typical C-D stretching mode are observed in the range 
of 2100 and 2300 cm-1 as shown in Figure 4.21. Although the peaks are weak, the 
xistence of these peaks in the expected wavelength region nevertheless indicates 
e presence of C-D stretching modes. 
 Water was successfully entrapped inside bamboo-like structures, which 
were found in the same HT CNF sample after autoclave treatment. Careful 
examination of HT bamboo-like walls is performed by HRTEM. Figure 4.22 
shows a sequence of two images that are obtained when bamboo-like structures 
are heated under the intense beam of TEM. Figure 4.22 (a) shows water contained 
in the structure. A complex behavior of the water inclusion upon heating with the 
e
th
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electron beam is observed (Figure 4.22 (b)). This complex water behavior is 
similar to that observed with hydrothermal nanopipes under intense heating [59]. 
Further heating with the electron beam could lead to the dissolution of carbon 
walls in the area of the inclusion, as shown in Figure 4.22 (c). This intensive 
heating will lead to the puncture of the bamboo- like wall structure and the water 
will escape. This behavior is similar to the dissolution of hydrothermal nanopipe 
walls as explained in Figure 4.8.  
 
Figure 4.21 An IR spectrum of HT CNF treated with D2O. A typical carbon- 
deuterium (C-D) stretching band is observed in the range of 2100-2300 cm-1. 
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Bending bands of typical D2O (1000-1300 cm-1 region) are not observed due to 
the presence of strong water signal. 
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 It is important to notice that by careful examination of Figure 4.22 (c), the 
presence of a defect on the wall, as shown by the back arrow, could explain how 
the water was originally entrapped inside the bamboo-like structures. Similar to 
the role of a valve explained in Figure 4.18, defects could be opened under high 
pressure and temperature during the treatment and thus, water will get into the 
bamboo-like structure. Once the temperature is decreased and the pressure is 
released, the defect (or the valve) will stop the water from being lost. This defect 
ight be too harsh for these nanotubes, specifically SWNT, because of their 
will open again, as shown in Figure 4.22 (c), under heating with the electron 
beam. 
4.2.3 Single and Double Wall Carbon Nanotubes 
 Some preliminary filling experiments were performed on SWNT and 
DWNT by using the cooling stage under TEM. Both samples were treated with 
D2O under 650°C and 80 MPa. These conditions were selected because they have 
been shown to have the highest yield of filled CVD nanotubes and HT CNF (more 
details are discussed in the next Section 4.2.4). However, the conditions used here 
m
structure. The desorption or adsorption of water molecules on SWNT is expected 
to occur reversibly at around 450°C [151]. Thus, SWNT should be treated at 
lower temperatures.  
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Figure 4.22 TEM sequence images of HT bamboo like structures. (a) After 
autoclave treatment, water is clearly observed to be entrapped inside the bamboo-
like structure. Under intense heating with the electron beam, complex water 
behavior is observed (b) similar to the one observed for the hydrothermal 
nanopipes [59]. (c) HRTEM image shows dissolution of the wall as well as the 
escape of the water through the defects. The defects on the wall act as a valve 
where water gets entrapped, and under intense heating the water escapes.   
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 The lower temperature experiments were not performed in this study due 
to the lack of SWNT material. Figure 4.23 shows two SWNT having what could 
be water entrapped in their cavities. The upper SWNT probably has a single 
strand of water molecules as shown by the black arrow. This observation agrees 
with the modeling data obtained by Hummer, et al. [146], where water molecules 
form a hydrogen-bonded chain or a single strand in SWNT cavities. Figure 4.24 is 
a HyperChem simulation of a corresponding SWNT (6,3) with a single strand of 
water entrapped inside. The SWNT in the bottom (Figure 4.23) shows an 
 
entrapment of a helical structure. This also agrees with the modeling work that 
expects to have a solid-like wrapped-around ice sheet (helical structure) inside 
SWNT [167]. Unfortunately, because of the size of these SWNT and limitations 
of TEM, EELS analysis could not be done to prove or disprove the existence of 
water or ice inside the SWNT. Also, the observation under TEM is difficult as the 
SWNT tend to bend and deform quickly under the electron beam.  
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Figure 4.23 A TEM image of SWNT after autoclave treatment. The bottom 
shows 
Helical Structures
Single Strand of Water
SWNT shows some double-helix structure entrapped while the upper SWNT 
single strands of water. 
 
 
 
Figure 4.24 HyperChem simulation of SWNT (6,3) with a single strand of water 
  
 
 
 
 
 
 
 
entrapped inside. 
 
Carbon Oxygen Hydrogen 
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 Sequence of DWNT images is shown in Figure 4.25. The time passed 
 
to  
 
In conclusion, filling of SWNT and DWNT with water is possible; 
between the events shown is about 3 minutes. Again, similarly to what is 
observed with CVD nanotubes (Figure 4.17), the dynamics of water in these 
channels was investigated by focusing the electron beam on the area where water 
is suspected to be present. The formation of voids increases as the radiation of the
electron beam increases (Figure 4.25 (b) and (c)). Water motion also is observed 
be very slow. This slow motion could be explained as follows: as confinement
increases, the translational entropy of the water molecules decreases to the point 
at which it becomes thermodynamically stable for the molecules to stay in their 
place and condense to an ordered phase, which might be ice in this case [148]. 
Thus, thermodynamics might dictate the behavior of the water molecules in this 
system. In addition, similar alignment of water molecule chains along the tube 
walls behavior was observed. This also could be explained, as mentioned earlier 
in the case of CVD nanotubes, by the strong interaction between the water
molecules due to hydrogen bonding. 
 
however, more systematic experiments are needed at different temperatures and 
pressures in order to control filling and examine the structure of the water 
entrapped.  
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mages produced by heating water confined in DWNT 
y electron beam. Evaporation of liquid and formation of voids can be seen. As 
e electron irradiation increases, the formation of voids increases (a)-(c).  
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Figure 4.25 A sequence of i
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4.2.4 Optimum Filling Conditions with Water 
  
re 
fr  
ple. 
ables 5 and 6 show the average number of filled nanotubes as a function of 
 pressure.  
At 50 MPa and 650°C, only 10% of CVD nanotubes were filled (Table 5), 
°
f all CVD nanotubes were filled at 80 MPa and 650°C. The latter condition is 
onsidered to be optimum condition for filling of CVD nanotubes, probably 
ecause at these high d 
ater are expected to occur [60].  From only 4% to total 12% of all CVD 
illed, when temperature was increased from 300°C to 500°C. 
plained as follows: once the water critical point (374.14°C, 
22.064 MPa) is exceeded, water penetrates thin channels much easier through 
efects in the tube walls, as the hydrogen bonds between molecules are weakened 
In order to examine the optimum conditions for filling, the temperature
and pressure parameters of the autoclaves treatment were varied. Temperatu
was varied from 300 to 650°C (at a constant pressure) and pressure was varied 
om 20 to 80 MPa (at a constant temperature). The filling yield (efficiency) of
CVD and HT CNF with water is determined by TEM observation. An 
approximate number of filled carbon nanotubes were counted in the sam
T
pressure and temperature respectively. In general, filling of nanotubes increases 
with increased temperature and
 
while 4% of all CVD nanotubes were filled at 80 MPa and 300 C (Table 6). 15% 
o
c
b temperatures, chemical reactions between graphite an
w
nanotubes were f
This could be ex
 
d
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in the supercritical state and the hydrogen bond networks break [173]. Therefore, 
this will facilitate the penetration of water through these thin channels.  
 HT CNF are observed to have their optimum filling conditions (30%) at 
650°C and 80 MPa. In general, much higher filling yields are observed in the case 
of HT CNF compared to CVD nanotubes. This could be explained by the fact that 
HT CNF have larger diameters compared to those of CVD nanotubes, thus they 
can contain water for a much longer time than the thin channels of the CVD 
nanotubes. It also could be due to the fact that CVD nanotubes have considerably 
more defects on their walls with less number of wall layers compared to HT CNF, 
which have thick walls with fewer defects. As a result, water will escape much 
easier in CVD nanotubes upon heating under the electron beam.  Similarly to 
CVD nanotubes, the highest HT CNF filling yield increase is from 18% to 24%, 
when the temperature was increased from 300°C to 500°C (Table 6). This again 
could be due to the consideration of the critical temperature of water.  
 
Table 5: Percentage yield of CVD and HT CNF as pressure is varied at a constant 
temperature 650°C. 
Pressure (MPa) CVD Nanotubes 
Filling Yield % 
HT CNF 
Filling Yield % 
20 ~6 ~20 
50 ~10 ~25 
80 ~15 ~30 
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able 6: Perce erature is varied at a 
onstant pressure 80 MPa. 
Temperatures 
(°C) 
CVD Nanotubes 
Filling Yield % 
HT CNF 
Filling Yield % 
T ntage yield of CVD and HT CNF as temp
c
300 ~4 ~18 
500 ~12 ~24 
650 ~15 ~30 
 
 
 
 
4.3 Filling with Aqueous Fluids (Ethylene Glycol) 
CVD nanotubes and HT CNF were treated by the autoclave treatment in 
e presence of ethylene glycol (EG). Because of its surface tension (47.7 mN/m 
t 1atm and 20°C), which is less than 100-200 mN/m, EG is expected to be drawn 
side CNT by capillary forces [169]. Both types of nanotubes were treated 
dependently; however the data obtained with the CVD nanotubes showed 
attered results and did not show any filling. Therefore, we cannot confirm that 
VD nanotubes were filled. EG is observed to adsorb only on the surface of CVD 
anotubes probably due to the presence of defects. Thus, in this study, careful 
xamination of HT CNF with EG was extensively performed by TEM, MS and IR 
ectroscopy. 
 
th
a
in
in
sc
C
n
e
sp
 
 150 
     HT CNF were treated with EG under 300°C and at least 80 MPa (80-
shows a clear separation between the 
ntrapp
100 MPa). EG has a relatively low vapor pressure (7-10 Pa at 20°C), a boiling 
point of 198°C and finally an autoignition temperature of 398°C. EG is expected 
to degrade at higher temperatures. Thus, based on its properties, 300°C 
temperature (higher than its boiling temperature and lower than its autoignition 
temperature) is selected for filling experiments.  
 After the autoclave treatment, many of HT CNF are confirmed to be filled 
end to end with a solid material (Figure 4.26 (a)), suspected to be a polymer. 
Thus, polymerization inside nanotubes has been observed. Higher magnification 
observation, shown in Figure 4.26 (b), 
e ed solid material and the tube walls. One side of the solid inclusion is 
attached to the tube wall, while the other side separated from the tube wall. Figure 
4.27 (a) shows a close up image of this solid structure at the tip of the HT CNF. 
At the separation, there is clearly a concave protrusion and a matching convex 
structure opposing to it (shown by black arrows). This observation proposes that 
EG is probably entrapped in the HT CNF cavities as a liquid form and upon 
cooling, it shrinks and it forms this solid, while it is inside the tube. Thus, a 
separation is observed. This separation could also be formed due to the difference 
in thermal expansion coefficients of the polymer and the tube. It is also important 
to mention that there is a very thin layer of this solid material condensed on the 
 
 151 
surface of the HT CNF as shown in Figure 4.27(b). The layer thickness is 
calculated to be 2.5 nm and it is considered to be an outer surface coating for HT 
 
Figure 4.26 (a) A TEM image showing a HT CNF filled end to end with a solid 
solid entrapped and the tube walls.   
s a first step, pure ethylene glycol was treated alone (without 
any carbon nanotubes added) un itions. Th ard, 
white, waxy id. This solid substance tested by MALDI-TOF  as shown 
 Figure 4.28.  
CNF. The film formation could be due to the uneven surface structure of HT 
CNF. 
material. (b) A higher magnification image shows a clear separation between the 
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 In order to examine the exact chemical structure of what is entrapped 
inside the HT CNF, a
der the same cond e product was a h
 sol  was  MS
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 its corresponding concave structure (shown by black arrows) 
sumption of the initial liquid entrapment followed by condensation 
and formation of solid. (b) HRTEM image of the walls shows an outside layer of 
the solid (or coating) is formed. The thickness of this layer is 2.5 nm. 
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Figure 4.27 TEM image of the tip of HT CNF (a) A separation between the 
entrapped solid and the tube walls is observed. The fact that there is a convex 
protrusion and
proposes the as
nvex
concave
30 nm
tube wall
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 MS spectrum shown in Figure 4.28 (a) is recognized as a typical MS for a 
polymer because of its intense uniform peaks and periodic spacing. The average 
molecular weight can be calculated from the Gaussian distribution signal to be 
1380 g/mol. In order to calculate the monomer constituent in this polymer, a close 
up spectrum of the same material is shown in Figure 4.28 (b). Typical peaks of 
Na  cationized, K  cationized and the metal clu+ + sters are shown. The difference 
between each one is the expected 16 mass unites. However, the interval difference 
between similar peaks such as the one noted in blue; 1186 and 1230 is 44 mass 
units. 44 mass units corresponds to molecular weight of one ethylene oxide (CH -
CH -O-) monomer unit. Thus, we can conclude that the product of the EG under 
treatment is polyethylene glycol (-CH2-CH2O-)n (PEG). Polyethylene glycol and 
polyethylene oxide are polymers of ethylene oxide. Polyethylene glycol refers to 
polymers of molecular weight less than 50,000, while polyethylene oxide is used 
for higher molecular weights [242]. 
shown in Figure 4.29. The repeating unit of the polymer is 72 mass units. 
2
2
 HT CNF having a solid material entrapped were tested under the same 
conditions with MALDI-TOF MS. A spectrum shown in Figure 4.29 was 
obtained. The spectrum shows high periodicity of peaks, which proves that a 
polymer exists in the sample. The average molecular weight obtained from the 
spectrum is calculated to be 1350 g/mol. However, an interesting repeating unit 
has been observed, as noted by the difference between the peaks positions as 
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Figure 4.28 (a) A MALDI-TOF MS spectrum of the EG treated alone without any 
has an average molecular weight of 1380 g/mol. (b) A close up spectrum between 
K  cationized. The monomer of the polymer observed is calculated to be made of 
addition of carbon nanotubes. The spectrum is shown to be of a polymer, which 
two consecutive peaks shows typical signals of matrix clusters as well as Na+ and 
+
44 mass units. This monomer unit corresponds to the monomer unit of PEG.  
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 In order to understand the chemical structure of this new polymer, some 
eculations have to be done. Since we are only starting with EG and carbon 
materials, one of the possibility to form this 72 monomer unit is to have a 
structure of (-CH2-CH2-CO-O)n. This structure is a polyester structure and it can 
:  
sp
be written as
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Figure 4.29 A MALDI-TOF MS spectrum of HT CNF with its entrapped polymer. 
The polymer is calculated to have a molecular weight of 1350 g/mol and a 
monomer of 72 mass units.  
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 A reaction between a diol and a diacid could explain how to form a 
polyester in this case. The polyesters are said to be a step-growth polymers since 
each bond of the polymer is formed independently [242]. The reaction proposed is 
as follows: 
 
 
 
 
 
 
  
 
 
 
(Condensation reaction)
OHC CH2 2O H H
Oxidation (more than one step) 
oxidation of ethylene glycol)
[O]+
(see Appendix section A.5 for a detailed 
OOC CO O H H
+
(Assuming that not all ethylene glycol is 
transformed into oxalic acid in the first step) 
O HC CH2 2OH H 
2 H2O
 
 
 
 
H C C H 2 2 OOC COO
n
CO2
(Loses carbon dioxide quickly)
C
O
OHC CH 2 2
n
Polyester 
(monomer unit of 72)
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 Ester is a functional group with a double bond between an sp2 carbon and 
le 
t 
ent, 
 
p
 
-1 (shown in red). This is 
acid (see Appendix Section A.5 for more details). Other peaks are shown to 
confirm the formation of an ester such as C-O signal at 1300 cm-1 and C-H (alkyl 
oxygen. The C=O unit is the carbonyl group. In an ester, the carbon of the 
carbonyl group is bonded to a carbon or a hydrogen and the oxygen is bonded to 
another carbon. The oxidation reaction proposed above is considered to be the 
most crucial step in the reaction above. The oxidation occurs in the samp
probably because of the presence of some metal catalyst particles, initially presen
in the sample. These metal particles might oxidize under the autoclave treatm
and will have some oxygen groups attached to it. Thus, the source of oxygen in 
this reaction might be from the metal catalyst. More details of this oxidation
rocess is shown in Appendix Section A.5. 
In order to confirm the presence of an ester group in our polymer, an IR 
spectrum is obtained for the HT CNF with the mixed polymer (Figure 4.30). 
Unfortunately, the presence of water still conceals some important peak signals in 
the IR spectrum. However, Figure 4.30 confirms the presence of a carbonyl group 
(C=O), which is usually in the range of 1680-2000 cm-1 (shown in blue). A clear 
carboxylic group (O-H) signal is shown at about 2900 cm
due to the presence of O-H group as an end group for this polymer. Also, this 
peak could be observed due to the presence of some side products that can be 
formed during the oxidation of EG such as glycolic acid, glyoxilic acid or formic 
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group) signal (shown in green) at 2853 cm-1. It is important to mention that 
because the molecular weight of this polymer is considerably low (1350 g/mol), 
the end groups, which are O-H and C-H (alkyl group), are more pronounced in the 
spectrum. The higher the molecular weight of a polymer, the less obvious its end 
groups to be shown in the IR spectra [242]. It is also important to notice that the 
trength of the CO2 ared to what we usually observe in 
the IR spectrum. This c  molecules during the 
polyester step growth as shown in the reaction above. This spectrum is favorably 
pared to a typical spectrum of an ethyl ester (Figure A.7 in Appendix A.6), 
s  signal is very large comp
ould be due to the release of CO2
com
where the same functional groups are present in the two spectra. 
 In conclusion, a polyester is proposed to be formed inside and outside of 
the HT CNF (as a thin layer is observed as in Figure 4.27 (b)) during autoclave 
treatment with EG. Similar experiments were performed using isopropyl alcohol. 
These experiments showed similar TEM results to that of ethylene glycol. 
However, extensive analysis of the product of polymerization of isopropyl alcohol 
is still needed for further examination. 
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4.4 Effects of Surface Chemistry 
 To this point, all the results obtained above for HT CNF are exclusively 
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depending on synthesis and post processing conditions. Figure 4.31 shows high 
resolution TEM images of the surface morphology of HT CNF and pyrolytically 
stripped (PS) CNF. Both of these nanofibers were synthesized by the same CVD 
technique, but their post-processing treatment is different (see Sections 3.1.1.1.2 
and 3.1.1.1.3 for more details). HT CNF that were synthesized by using a CVD 
hot filament technique and then heat treated at 3000°C, have graphitized surfaces 
with typical loops and no chemically active dangling bonds that could be 
terminated with functional groups (Figure 4.31 (a)). This type of structure leads to 
their hydrophobic behavior. PS CNF (Figure 4.31 (b)) were also produced by the 
same CVD method. After oxidation, it is natural to assume >C=O bonds 
rmati
 
fo on. Oxygen surface termination was confirmed by electron energy loss 
spectroscopy (EELS) in TEM [243]. The graphene layers on the outer surface of 
these tubes are disordered. The oxygen-terminated bonds on the surface, as well 
as their turbostratic surface structure which allows adsorption of water and CO2, 
lead to their partial wetting behavior. 
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5 nm loops
(
Figure 4.31 TEM images showing the surface morphology differences between (a) 
HT CNF, where formation of loops is observed, and (b) PS CNF, where the 
disordered surface facilitates sorption of water and CO2 from environment and 
rendering their partial hydrophilic behavior.  
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e water starts to fill the tubes and will 
eventually flow out forming small pools at the tubes’ ends (Figure 4.32 (b)). 
When the pressure is increased further, the CNF are totally immersed in water, 
and a thin layer of water starts to surround them as shown in Figure 4.32 (c). This 
sequence shows that the PS CNF are partially hydrophilic and they have attracted 
water from the ESEM chamber, leading to preferential condensation inside and 
A sequence of ESEM images taken for PS CNF under different pressures 
is shown in Figure 4.32. As the pressure is increased above 5 torr, while the 
temperature remains constant at 4°C, water starts to condense on the tubes’ walls. 
Because of low surface tension, some of the water will be drawn by capillary 
forces inside the CNF and form a meniscus as shown in Figure 4.32 (a) [244]. As 
the pressure is increased gradually, th
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between nanotubes as shown by Rossi et al. [244]. Additionally, self-alignment of 
 
 
 
Fi ure 
pyrolytically stripped carbon fi
the PS CNF occurred upon evaporation of water due to the surface tension on 
menisci formed between the tubes.  
 
 
 
 
 
 
 
 
 
g 4.32 ESEM images showing a sequence of condensation of water on 
bers as the pressure increases inside the chamber. 
Condensation first starts by the water being drawn into the tubes and forming a 
meniscus (a) water pools will start to form due to the difference in pressures (b) 
and finally (c) a thin layer of water covers the whole carbon nanofibers, and the 
nanofibers start to float. This sequence shows fairly good wetting of these carbon 
nanofibers. 
5 µm
(c)Water substrate interface
5 µm
(a)Water drawn 
inside forming 
meniscus
5 µm
(b)Water 
pools
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 In order to study how the structure of CNF surfaces will affect 
phosphate buffered saline (PBS) or in a 10% poly-L-Lysine (PLL) solution to 
generate single nanofiber dispersions. PLL is an amino acid with a basic side 
chain. It is used for coating surfaces in order to enhance the binding properties of 
CNF. The mixed CNF and the biofluids solutions are examined carefully under 
 After sonication with PBS solution, the CNF were examined by ESEM 
and distribution of tubes in solution was observed (Figure 4.33). Hydrophobic HT 
CNF did not float on the surface of the water droplets, which shows an improved 
wetting and dispersion in the presence of PBS (Figure 4.33 (a)) and also shows 
the hydrophobic nature of these HT CNF. After evaporation of the liquid in the 
ESEM by decreasing the pressure in the chamber from 6 torr to below 4 torr, the 
PBS solution dried out and formed a v
biomolecular binding, HT CNF and PS CNF were first sonicated in either 
ESEM and were tested by flow cytometry [245].  
ery thin layer of dried salt on the surface of 
eration of the nanofibers as seen in Figure 4.33 (b). 
Flow cytometry data (not shown here) [245] proved that up to 85% of PS 
CNF can be coated with antibodies, while only 67% of HT CNF can be coated 
with the same antibodies. This is due to the difference of surface structure 
between PS CNF, being partially hydrophilic, and HT CNF being hydrophobic.  
 
CNF, which caused agglom
 
 
 164 
 
F
evaporation where nanotubes ar
igure 4.33 ESEM micrographs of HT CNF immersed in PBS solution before 
e completely under the surface of the PBS (a) and 
after evaporation of water (b) as agglomeration occurs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 µm
(b)
Agglomeration 
of carbon 
nanofibers
50 µm
(a)
Carbon 
nanofibers are 
under the 
surface
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5. CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
- High-resolution in-situ studies of fluids confined in carbon nanotubes and 
terfaces betwee  
ave been conducted in TEM.  
Surface chemistry of hydrothermal nanopipes was studied carefully by using 
veral microscopic and spectroscopic techniques. These nanotubes are proven to 
have at least carboxyl groups. The presence of these functional groups will render 
hydrothermal nanopipes their hydrophilic properties. 
- HT CNF have graphitized surfaces with loops and no chemically active dangling 
inated with functional groups. These loops are formed 
ue to the heat treatment and will render HT CNF their hydrophobic properties. 
Surface of PS CNF is expected to have some C=O bonds, which are formed after 
xidation of these CNF. The presence of small amounts of C=O on the surface 
ill render PS CNF their partial hydrophilic behavior.  
Closed hydrothermal nanopipes have fluids entrapped with an equilibrium 
in n fluid (either water, polymer or an aqueous fluid) and carbon
h
- 
se
bonds that could be term
d
- 
o
w
- 
composition calculated to be 85.2% H2O, 7.4% CO2 and 7.4% CH4. The presence 
of oxygen, which is confirmed by EDS and EELS analysis, supports the 
composition predicted using equilibrium thermodynamics. According to P-T 
 
 166 
phase diagrams, the encapsulated aqueous fluid contains H2O and CO2 in the form 
4
- Inner surfaces of hydrothermal nanopipes could be hydrophilic, due to the 
presence of carboxylic OH- groups. Strong interaction between the liquid and 
walls, intercalation of nanotubes with O-H species and dissolution of walls upon 
heating have been demonstrated. This strong interaction may bend the graphene 
layers toward the inside of the tube. 
- Heating with the electron beam may initiate a chemical interaction between the 
entrapped water and the hydrothermal nanopipe tube walls leading to the 
dissolutions of carbon walls with either formation of chambers inside the tubes or 
holes in the tubes’ walls. This dissolution will lead to the loss of the entrapped 
fluid to the vacuum of the microscope. This technique could be used for 
micromachining or opening of closed nanotubes.  
pe 
n 
onstrated to be trapped inside HT CNF (50-200 nm in diameter), CVD 
of liquid, while CH  is the main component of the gas phase at room temperature. 
- An autoclave system was built to allow experiments with encapsulated samples 
at temperatures up to 850°C and pressures up to 500 MPa in Tuttle-Roy ty
autoclaves made of Rene´ 41 alloy. This system was used to fill a variety of 
nanotubes with water and other fluids, such as EG and D2O. 
- A successful filling approach, by using autoclave treatment, has been developed 
for filling different types of CNT and CNF of different diameters. Water has bee
dem
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nanotubes (2.5-5 nm in diameter), and possibly DWNT and SWNT with 
onsidered to be in-situ polymerization inside carbon nanochannels. The polymer 
 solidified upon cooling and it takes the shape of the HT CNF walls. 
In CVD nanotubes, an important evidence for the microscopic inhomogeneity of 
ater confined in thin channels has been shown. At this scale (5 nm or less), 
ater molecules tend to form clusters and chains and water does not behave like a 
quid anymore. An agreement with molecular modeling of water in this scale has 
een observed. Defects in the tube walls act as a valve, through which the liquid 
an get in or escape during heating with the electron beam. It can also be 
oncluded that any defects in the tube walls will lead to liquid pinning and very 
ow motion of water.  
diameters of 1.5-2 nm. Presence of water in HT CNF and CVD nanotubes was 
confirmed by EELS and EDS analysis. 
- Optimum conditions of water filling have been determined to be at 650°C and 
80 MPa for both HT CNF and CVD nanotubes. Small diameter CVD nanotubes 
demonstrate a much lower filling yield (15%) compared to large HT CNT, which 
have 30% filling yield. Opened HT CNF have been successfully filled with EG, 
which forms a polymer at 300°C and pressure of about 80 MPa or higher. A 
polyester polymer is proposed to exist inside and outside of the HT CNF after the 
autoclave treatment of the nanotube and EG mixture. This polymerization is 
c
is
- 
w
w
li
b
c
c
sl
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5.2 Future Work 
rch work has provided a contribution to the investigation of the  This resea
filling and chemical modification of carbon nanotubes. However, beyond this 
work, there are still several points that need to be mentioned for future study and 
exploration: 
- Much higher filling yields are still needed.  
- Careful investigation of filled SWNT and DWNT is still required. It is to be 
confirmed that fluid entrapped inside is indeed water. Their optimum filling 
conditions are yet to be determined.  
- Filling different types of nanotubes with polar organic and non polar 
hydrocarbon materials needs an experimental study as it could be of a great 
interest. 
- Understanding of the differences in the polymerization mechanism of EG with 
and without nanotubes is needed. Nuclear magnetic resonance could be a useful if 
sufficient amount of the sample is present. 
- Filling different types of nanotubes with biofluids is needed to explore potential 
biomedical applications. However, this cannot be achieved using autoclaves, a 
different approach must be developed. 
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- Mechanical properties and electrical properties of the filled nanotubes must be 
investigated.   
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               APPENDIX 
A.1 List of Abbreviations 
 
MWNT
CVD   
PS       
TEM   
SEM   
  y dispersive x-ray spectroscopy  
EELS  
IR                             infrared spectroscopy 
CNT                         carbon nanotubes 
CNF                         carbon nanofibers 
SWNT                      single-wall carbon nanotubes 
DWNT                      double-wall carbon nanotubes 
                     multi-wall carbon nanotubes 
                      chemical vapor deposition     
HiPCO                     high pressure catalytic decomposition of carbon monoxide  
HT                            heat treated  
                     pyrolytically stripped 
                      transmission electron microscopy 
HRTEM                   high resolution transmission electron microscopy 
                      scanning electron microscopy 
EDS                        energ
                      electron energy loss spectroscopy 
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MALDI-TOF MS   matrix-assisted laser desorption/ionization time-of-flight mass    
                     spectrometry 
C
O
C
O
O H  
    
           
PAN                         polyacrylonitrile  
PLA    
C60      
PEG    
GO     
-O-H   
  
           
         carboxylic group  
 
 
 
                      polylactic acid 
                     Buckminster fullerene 
He                            helium 
Ar                             argon 
EG                            ethylene glycol 
                      polyethylene glycol 
                       graphite oxide 
                       hydroxyl group 
                       
                    carbonyl group    
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A.2 Water (H2O) and Heavy Water (D2O) 
All the water data below are obtained from: 
www.nmr-relaxation.com/handbook/general/water.htm 
A.2.1 Viscosity of Water 
  
 
Figure A.1 A plot of viscosity of regular (H2O) and heavy water (D2O) versus 
mperature. 
 
 
 
 
357.1 333.1 312.5 294.1 277.8 263.1
T,  K 
 
te
 
 
 191 
 
Table A1: Viscosity of H2O and D2O at different temperatures 
Temperature 
(°C) 
Viscosity 
H O (cP) 
Viscosity 
D2O (cP) 
 
2
0 1.792 2.4 
5 1.519 1.988 
10 1.307 1.679 
15 1.138 1.44 
20 1.002 1.251 
25 0.89 1.1 
30 0.797 0.976 
35 0.719 0.873 
40 0.653 0.787 
45 0.596 0.714 
50 0.547 0.652 
55 0.504 0.598 
60 0.467 0.551 
65 0.433 0.51 
70 0.404 0.474 
75 0.378 0.443 
80 0.355 0.414 
85 0.334 0.389 
90 0.315 0.366 
95 0.298 0.345 
100 0.282 0.327 
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Table A2: Self diffusion of H2O and D2O at different temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
D(H2O)* 
10  cm /sec 
D(D2O)* 
105 cm2/sec 
A.2.2 Self Diffusion of Water 
 
 
 
Temp ° C 
5 2
1 1.149  
4 1.276  
5 1.313 1.015 
15 1.777  
25 2.299 1.872 
35 2.919  
45 3.575 2.979 
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A.2.3 General Water Data 
 
64 MPa  
   - D2O: 370.847 °C, 21.671 MPa 
- Critical Point 
      - H2O: 374.096 °C, 22.0
   
-  Boiling point at 101.325 kPa  
      - H2O: 100.0°C  
      - D2O: 101.42°C 
 - Surface area 
       9.6 - 10.2 Å2 mol-1
 - Surface tension (25°C) 
      - H2O: 0.07198 N m-1
      - D2O: 0.07187 N m-1
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A.3 Autoclave Operating Procedure 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
igure A.2 schematic of the autoclave setup available at Drexel University 
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The reactor, which is a Tuttle-Roy type autoclave made of Rene´ 41 alloy (Figure 
.3) has 4 main parts:  
- Reactor head –Connects the reactor to the gas booster and pressure gauge. 
- Reactor ca
- Sleeve – Connects the reactor head and the chamber. 
 
 
igure A.3 A sch atic of the autoclave reactor vessel cross-section. 
 
A
1- Reactor chamber – where samples are placed. 
2
3 p/nut – Cover of the reactor. 
4
 
Reactor Head 
Reactor Cap/Nut
Sleeve Reactor C r 
L ut ock n Plug 
hambe
 
 
F em
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The operating procedure consists of 4 steps: 
1- To load the sample in the autoclave (reactor vessel) 
as booster (pressurizing the autoclave) 
toclave) 
ove t  the stand by loosening the top screws. 
moving any connections to the external 
tubings. 
3- The reactor cap/nut is removed with a large wrench (2 wrenches are needed, 
one for turning the cap/nut and another for holding the sleeve). 
4- Place samples at the end of a wire and insert it carefully all the way in inside 
n schematic Figure A.4). The wire is coiled at one end so 
le can be pulled out after the experiment by 
ulling the wire. 
2- To start the g
3- To start the furnace (heating the au
4- Shutdown procedure 
A.3.1 To Load Samples on the Reactor 
1- Rem he autoclave from
2- The reactor is opened first by re
the chamber (as shown i
that it holds the capsule. The capsu
p
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Figure A.4 A sche
w
matic of the gold capsule and the coiled silver wire. The silver 
ire is used to facilitate the insertion of the gold capsule in and out of the 
utoclave reactor head.  
Close the reactor chamber with all the parts as shown in the Figure A.4 
nd tighte
gas booster (reconnect the tubings). 
he gas booster has 4 valves and 4 gauges:  
) Air Regula Circular black knob at the front left side of the booster): 
pens/Lets in compressed air into the system. This is one of the switches that 
in the 
stem builds up and vice versa. 
2) Air Pressure gauge (above this knob), which reads the incoming air pressure. 
3) Air Shut-Off valve: This is an ON-OFF valve to cut the compressed air supply 
to the gas booster. 
Capsule
Silver
Wire Coiled end
a
 
 
a n the assembly well. Finally, fix the autoclave back on the stand and 
connect the autoclave back to the 
T
tor valve (1
O
control the pump. The more the valve is opened, the more the pressure 
sy
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4) Inlet Pressure gauge reads the incoming Argon gas pressure – Should be at 
least 500 psi for the pump to work (controlled by the gauge in the Argon Tank - 
 “switch” that controls the final 
pressure in the system). 
5) System Pressure gauge reads the high pressure that the system has boosted 
(Do not exceed 13500 psi for safety reasons). 
6) Isolation valve opens the gas-booster to the autoclave setup. This is basically 
n ON-OFF valve, which increases the pressure in the autoclave. NOTE: If the 
tmosphere. This is an ON-OFF valve.  (NOTE: This valve will NOT vent the 
utoclave UNLESS Isolation valve is opened). 
lve and gauge near the autoclave, High 
emperature Valve and the Main Pressure Gauge that reads the actual (and 
ccurate) pressure inside the autoclave (see the schematic Figure A.5). 
similar to Air Regulator valve, this is the other
a
valve is CLOSED, the autoclave is ISOLATED from the gas-booster. 
7) Outlet Pressure gauge reads the pressure in the autoclave setup and the 
tubings (or whatever is connected to the gas booster – This is the actual pressure 
after the ISOLATION VAVE is closed). 
8) Vent valve vents the pressure from the gas booster (and the autoclave) to the 
a
a
Apart from the above, there is one va
T
a
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Main 
Pressure 
Gauge 
High Temp 
Valve  
Stand 
Autoclave  
Furnace 
 
Figure A.5 A schematic of the main pressure gauge as well as the high 
temperature valve attached to the head of the autoclave. 
 
 
A.3.2 To Start the Gas Booster (Pressurizing the Autoclave) 
 valve on the Argon tank and then adjust the flow valve on the 
gulator to read at least 500 psi. 
) To start the gas booster you need to open the air valve with a minimum of 500 
 the Argon tank. Details on the maximum pressure obtainable is given in 
 
1) Open the air supply on the wall (Minimum air pressure ~ 90 psi). 
2) Open the main
re
3
psi from
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the specifications of the gas booster (depends on the compressed air pressure and 
the gas pressure – Argon in this case). 
4) Start pressurizing the gas booster by opening the Air Shut Off valve and by 
gently opening the Air Regulator slowly. The pressure will start building and 
you can stop by closing the air supply when the desired pressure is reached. This 
pressure is shown in the gauge - System Pressure. 
 
- Once the desired pressure has been reached, open the Isolation valve to let the 
pressed Argon into the autoclave. The Outlet Pressure gauge will rise 
cordi
d 
e from the rest of the pressure tubings 
 Pressure Gauge ONLY. 
com
ac ngly - the pressure gauge labeled as the “Main Pressure Gauge” in 
Figure 0.5, next to the autoclave, should also show the same pressure. 
- If more pressure in the autoclave is needed, open the compressed air valve an
pump more pressure into the system. 
- After the desired pressure has been reached, close the Isolation valve and isolate 
the autoclave from the gas booster. 
- Close the valve connected to the pressure gauge next to the autoclave – the High 
Temperature Valve, to isolate the autoclav
and connections. 
The pressure in the autoclave is now set – The actual pressure in the autoclave is 
read from the Main
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A.3.3 To Start the Furnace (Heating the Autoclave) 
1) Turn “ON” the power in the Furnace Controller. 
2) The furnace has a very simple control: The set point temperature can be 
increased or decreased with a scroll button on the display.  
3) Set the temperature to the desired value. 
4) The temperature will start increasing immediately and it will reach the desired 
temperature quickly and stabilize 
certain time, it has to be done manually by decreasing the temperature and turning 
the power to “OFF” in the furnace controller.  
here is NO 
Argon gas coming from the tank and the Air Regulator is completely closed. 
The furnace does not have a time, so if the experiment has to be turned off after a 
A.3.4 Shut Down Procedure 
1) Once the run is completed, turn the furnace OFF. 
2) Open the High Temperature Valve to open the autoclave to the remaining 
system. 
3) Open the Isolation valve to equalize the gas booster pressure and the autoclave 
pressure. 
4) Make sure that the Air Shut OFF valve is in the close position and t
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5) GENTLY open the Vent valve to release the pressure to th here. 
6) Wait for the pressure to drop to zero in all the valves. 
7) Wait f oclave to cool down to room temperature. 
8) Open the Autoclave and follow procedure outlines in Section A.3.1 to get the 
sample out. 
 
Emergency shut down procedure: 
1) Turn the Furnace to OFF. 
) Open the High Temperature Valve. 
) Open the Vent valve to release the pressure to the atmosphere. 
e atmosp
or the Aut
2
3) Open the Isolation valve. 
4
5) Close Argon and Air Supplies to the gas booster. 
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A.4 Calculation of Water Volume inside CVD Nanotubes 
 
 
 
 
Volume = π.L. (D/2)2     
                    = π(16)(4.8/2)2 = 289.5 nm3 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.6 A TEM image of CVD nanotubes filled with water. 
 
 
2 nm 
- The length (L) occupied by water is 4 cm, which corresponds to 16 nm (from the 
scale bar shown in Figure A.6). 
- The diameter (D) occupied is 1.2 cm, which corresponds to 4.8 nm (from the 
sale bar shown in Figure A.6). 
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Now, in order to express the volume in liters, some conversions are needed. 
 10 -19 lit = 0.289 attoliters 
 
yde 
and then to a carboxylic acid [243]. 
1 nm3 is (10-9)3 m3 , which is 10-27 m3 
Thus, 289.529 nm3 is 2.89 X 10 -25 m3 
But 1 lit is 10-6 m3, therefore: 
(2.89 X 10 -25 m3 ) (1 X 106lit /m3) = 2.895 X
                                                   ~ 0.290 attoliters volume
 
A.5 Oxidation of Ethylene Glycol
 
[1] 
The first step of oxidation involves a primary alcohol, which is ethylene glycol in 
this case, that oxidizes rapidly usually in the presence of a catalyst  to an aldeh
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For example, Jones reagent (CrO3) is a typical oxidizing agent for this reaction. 
uld be considered as the 
oxidizing agents for the oxidation of ethylene glycol in our sample. A typical 
oxidation reaction of an alcohol can be explained as follows [243]: 
 
larification, ethyl ester formula is shown in the spectrum. Each bond is shown in 
olors on the spectrum. Carbonyl bands (C=O) are shown in the range of 1735-
-1, C-O bands are shown in the range of 1000-1300 cm-1, O-H bands are 
at 3100 cm-1 and finally C-H bands are in the range of 2853-2962 cm-1. 
 
C
Oxidized metal catalysts found in carbon nanotubes co
O H
H
H
R [O] C
O
R H
[O] C
O
R O
H
Where:
An aldehyde A carboxylic acidPrimary alcohol
R: any alkyl group
[O]: an oxidizing agent 
 
A.6 IR spectrum of ethyl ester 
A typical IR spectrum of ethyl ester is shown in Figure A.7 [245]. For
c
c
1750 cm
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C H
C
O
OHC 3 H
O H
C O
C O
Wavenumbers (cm-1)
A
bs
or
ba
nc
e
Ethyl Ester
Figure A.7 
f 1735-1750 cm-1, C-O bands in the range of 1000-1300 cm-1, O-H bands are at 
 
 
 
 
 
A typical IR spectrum of ethyl ester showing C=O bands at the range 
o
3100 cm-1 and finally C-H bands are in the range of 2853-2962 cm-1. 
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